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SUMMARY
Many tropical countries have areas which are sandy and arid in 
which there is an increasing demand for roads capable of carrying 
medium to heavy traffic. This development in traffic over the last 
decade has given rise to problems for the highway engineer, especially 
when there is a lack of conventional road building materials such as 
rock and gravel.
In many cases, the bituminous stabilisation of sands is the only 
practicable method of constructing road-bases but little guidance is 
available to engineers regarding the design and construction of 
suitable road-bases and only limited information is available on the 
behaviour of these materials under stress.
This thesis reviews methods of mix-design used in current practice 
and suggests an alternative method of design judged to be more suitable 
for sand-bitumen mixes, an indication being given of the manner in 
which laboratory test results are related to road performance.
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INTRODUCTION
Desert areas are to be found in many of the world's developing 
countries.
■ There is an increasing demand for roads capable of carrying medium 
to heavy traffic in these areas, but the lack of conventional road build- 
ing materials such as rock and gravel has given rise to problems for the 
highway engineer.
In many cases, the bituminous stabilisation of sands is the only 
practicable method of constructing road-bases, the pavement layer through 
which loads are transmitted to the supporting soil. c
Little guidance is available to engineers regarding the design and 
construction of suitable road-bases. This is based on mix-design methods 
used in current practice for conventional road surfacing materials 
together with tentative criteria related to the performance of lightly 
trafficked roads.
The use of these methods assumes that the behaviour of sand-bitumen 
mixes will be comparable to that of mixes suitable for surfacings.
However, experience has shown, that this behaviour can be very different 
at the low bitumen contents encountered in sand-bitumens.
Information on the behaviour of sand-bitumen under stress is 1imited 
to detailed studies confined to individual sites or laboratory studies 
of a wide range of materials under relatively complex loading systems, 
which are of little practical use to the site engineer.
The thesis reviews methods of mix-design used in current practice and 
suggests an alternative method of design judged to be more suitable for 
sand-bitumen mixes.
.An indication is given of the manner in which test results are 
related to road performance, following a preliminary investigation of a 
road site constructed with sand-bitumen, and a laboratory investigation 
of cores and sand samples taken from the site.
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CHAPTER 1
THE APPLICATION OF BITUMINOUS MATERIALS TO ROAD CONSTRUCTION - A REVIEW
. The evolution of modern high speed traffic stimulated a demand for 
better quality highways capable of withstanding greater loads.
The application of bitumen to road construction materials was found 
to be one way of meeting this demand.
Bitumen, originally as a naturally occurring phenomenon, and later 
as a by-product of the petroleum industry, has been used successfully in 
road construction. .
1.1 Naturally occurring materials
Swiss rock asphalt, a sedimentary material impregnated with bitumen, 
was first used in Paris in the 1830's. Similar materials occur in France, 
North Africa, and North and South America.
In the road construction process, the natural material was simply 
crushed and heated before compaction on the road. Under light traffic 
conditions, satisfactory results could be achieved.
However, variation in quality rendered natural rock asphalt unsuit­
able for heavier traffic conditions. It was therefore necessary to find 
an alternative source of bituminous material suitable for road building.
Natural asphalt from Trinidad was selected for this purpose. This 
asphalt consists of a mixture of bitumen and small quantities of mineral 
aggregate. In road building, leaner mixes were used and obtained by 
adding quantities of aggregate. This process had the advantage of :
enabling a certain amount of control to be exercised over the composition 
of the mix.
The rapid expansion of motorised traffic during the 1930's, shown in 
Figure 1-1, necessitated the construction of superior quality of the mix, 
and in particular, the properties of the bitumen. Lack of uniformity in 
the bitumen constituent of Trinidad Lake asphalt led to its replacement 
by refinery bitumen, the uniform quality of which could be guaranteed.
(L) <3Cor\6n\c co r? LX e'To.t tons
7
1903 1913 1923 1933 1943 1953 . 1963 1973
F i g . l - l  6 R 0 W T H  OF T R A F F IC  IN  G R EA T B R IT A IN  -  1903TO  1973
1.2 Bitumen/mineral aggregate mixtures • . . .
- . The addition of varying proportions of coarse, medium and fine
aggregate to bitumen produces a wide range of mix compositions, capable 
of meeting the demands of modern traffic and climatic conditions.
The infinite number of types of mixes range from mastics, consisting 
of a continuous phase of bitumen in which particles of mineral are 
dispersed, to the coated chipping type of mix which includes a high pro­
portion of air'voids.
Early research work into the behaviour of mixes laid the foundation 
of tests and specifications, designed to control the quality of the mix 
composition and its component parts. ■ . •
The properties of bitumen were established, amongst others, by 
.Van der Poel^, Nellensteyn^, Saal and Labout^, Pfeiffer and Van Doormat,r
and Thrower . • • \ * -
I7 8 3 9Richardson , Stanton and Hveem , Nellensteyn , and Markwick
investigated the properties of mineral aggregate.
Studies into the stability or the resistance to deformation of mixes
7 10were carried out by Richardson , Nellensteyn and Loman , Spielmann and
Hughes^ , Hubbard and Gray^, and Oberbach^.
CHAPTER 2
THE DESIGN AND DEVELOPMENT OF MIXES - A REVIEW
Objectives had to be established to ensure the successful application 
of bituminous mixes to road construction and these were attained by the 
development of mix-design methods.
Prior to the 1940's, these methods relied on techniques used in soil 
mechanics, and concentrated on evaluating the resistance of the mix to 
plastic deformation.
Testing techniques may be loosely classified as being either funda­
mental or empirical or simulative.
Alongside these techniques, a series of "recipe" mixes evolved, 
notably in the United Kingdom, in which the recommended properties are 
based on previously tried and tested mixes.
2.1 Mix-design - objectives
The objectives of both mix-design techniques and recipe mixes are to 
ensure that:
(i) there is sufficient workability to permit efficient laying 
. of the mix,>
(ii) the voids in the compacted mix are sufficient to allow for 
a slight amount of additional compaction under traffic 
loading, yet low enough to keep out harmful air and moisture,
(iii) there is sufficient stability in the mix to satisfy the 
demands of traffic without excessive distortion or 
displacement, and
(iv) sufficient bitumen is present to ensure a durable 
pavement.
• These can be achieved by applying criteria obtained by past exper­
ience to the results of mechanical laboratory tests.
2.2 Fundamental properties of bitumen/aggregate mixtures
A bituminous mix consists of three components:
a solid granular material (’aggregate) 
a liquid (bitumen) 
a gas (air)
An analogous system can be found in soils, in which the solid phase 
again consists of aggregate, the liquid phase is water and the gas phase 
consists of air and water-vapour.
The properties of the latter system, generally described as soil 
mechanics, have been established by Coulomb (1776), Rankine (1857),
Prandtl^4 , Terzaghi^5, Timoshenko^ and Skempton^. The work of these 
researchers relies on the theories developed by Mohr and Coulomb, in which 
use is made of the parameters of cohesion and angle of internal friction.
18 19 20Practical tests were developed by Nijboer , Smith , Mcleod and
Neumann^.
However, disadvantages arose with these tests: they were time con-
CL
suming; eljborate and expensive equipment was required; and the stresses 
imposed on specimens did not represent the stresses found in roads.
Consequently, these tests were replaced by simpler faster empirical 
techniques in which results were given on an arbitrary scale.
2.3 Empirical methods of mix-design
2? 23Empirical methods of mix-design were described by Hubbard and Field 5 ,
1 0
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Lee and Markwick > Hveem , and Marshall . The latter method became 
prominent in the 1940's and remains today the most widely used test.
These methods were found to be more practicable than tests which 
measured angle of internal friction and cohesion. However, they still 
possessed the disadvantage of the unrepresentative stresses applied to 
test specimens.
2.4 Simulative methods of mix-design
Simulative tests are designed to reproduce the stresses of traffic 
loads in the laboratory. They generally take the form of a loaded wheel
or or
reciprocating on a compacted specimen. Broome and Please * have 
described several tests of this nature, but concluded that simulative 
tests are generally time consuming, with the possible exception of the 
Transport and Road Research Laboratory's Deformation Wheel Tracking test.
A second disadvantage with.these tests involves the much larger test 
specimens required, consequently problems can arise during compaction.
2.5 Recipe mixes
27 no 2q qn
A wide range of mixes are available in the form of recipes 5 s ?,:5 
These compositions have been found suitable for a wide range of traffic 
and climatic conditions. , ‘
However, with the increasing use of aggregates which do not conform
to the specifications laid down in these recipes, it has been found
necessary to supplement recipe mixes with mix-design tests. This has
been the case with a well known British road surfacing mix, "hot rolled
27asphalt", which is described in B.S. 594 , and which now includes the
Marshall test as an optional method of mix-design.
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CHAPTER 3
TEST METHODS IN‘CURRENT PRACTISE
Test methods which remain in use today can be classified into two 
groups, constant rate of strain and constant load tests.
23The first group includes the Marshall Stability test , the
23 23Hubbard-Field Stability test , the Hveem Stabilometer , the unconfined
31 32compression strength test s and the California Bearing Ratio (CBR) 
test^2 .
The second group consists of the Deformation Wheel Tracking test
23and the Cone Penetrometer test .
With the exception of the Deformation Wheel Tracking test, all of 
these tests are empirical. It must be stressed also that all of the 
above mentioned tests were designed principally for use with road surfac­
ing mixtures.
3.1 The Marshall stability test
The testing procedure involves the production of a series of labora­
tory mixes with the proposed grading and fillerHontent, but with the 
binder content varied in increments so as to cover the probable value.
This procedure amounts to a compaction study similar in principle to 
32the Proctor approach in studies of the compaction of soils. Figure 3-1 
shows some typical results obtained with sand-bitumen and dense surfacing
2.S
mixes, and in the case of the surfacing mix, anq "optimum" binder content 
can be identified at which point maximum compaction is achieved.
From the knowledge of the mix proportions ana of the values of the 
specific gravity of the constituent materials, the following physical 
properties can be calculated:
1. the theoretical density of the specimen assuming zero air voids, •
(i) mineral aggregate passing a 75 \im sieve
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2. the voids in the mix, from the theoretical and the measured values 
. of density,
3. the voids in the mineral aggregate, from the voids in the mix and 
a knowledge of the volume of binder in the mix, and
4. the proportions of the voids in the mineral aggregate filled with
bitumen.
The information thus obtained is of immense value in mix-design.
For example, in the case of wearing course rolled asphalt for airfield 
pavements, the voids in the mix are required to be between 3% and 4% - 
if the voids are too low, due to the use of an excess of bitumen, there is 
a possibility that binder will migrate to the surface under the compact­
ing action of traffic causing the resistance to skidding to be adversely
affected; on the other hand, if the voids are too high, due to the use
of insufficient bitumen, the durability of the mix may be at risk.
The limits are based on experience and the determination of the binder
content giving the mid point of the range provides one of a number of 
criteria for selecting the optimum binder content.
Briefly the test procedure is as follows: 100 mm (4 in) diameter by 
-63.5 mm (2.5 in) high specimens are tested by applying a constant rate of 
strain of 50 mm/min (2 in/min) to opposite sides of the cylindrical surface 
by means of curved platens at a temperature of 60°C. The maximum load 
sustained by the specimen is recorded as the Marshall stability and the 
deformation at this load is recorded as the "flow" value.
There exists some conflict in the description of the behaviour of
the specimen during testing and the correlation of laboratory results with
field performance: it has been described as an unconfined-compression
test2^^-fesenfe^the loaded a r e a c o n f i n e d  by the tyre, the surrounding
34surfacing and the road base; and as a triaxial test with the mode of
failure shown in Figure 3-2.
(Y) a,s ^  s e m i -  C o n f i n e d  C o m p r e s s i o n  t e s t
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Fig. 3-2 THE 'TRIAXIAL' MODE OF FAILURE OF MARSHALL SPECIMENS
The stability of sand-bitumens is generally much less than that of 
conventional surfacing mixes as demonstrated in Figure 3-1, and very much 
affected by the physical properties of the sand. Sand-bitumen mixes 
exhibit lower flow values and compacted densities than those to be found 
in dense surfacing mixes.
3.2 Hubbard-Field stability test
In this test a confined specimen 50 mm (2 in) in diameter and 25 mm 
(1 in) high is extruded through a hole 45 mm (1.75 in) wide at a constant 
rate of 61 mm/min (2.4 in/rnin).
Some typical results for a dense bituminous mix and a sand-bitumen 
mix are shown in Figure 3-3. Again, the sand-bitumen shows a much lower 
stability than Joes the surfacing mix, in Figure 3-1.
>
Results from the Hubbard-Field test are greatly influenced by the 
high stress concentration in the region of the extrusion ring and by the 
comparatively high rate of strain during the test, so that in general the 
test results have poor repeatability.
15
Hu
bb
ar
d 
- 
Fi
el
d 
st
ab
ili
ty
 
(k
g
)
Bi tumen content (per cent wt)
Fig. 3-3 HUBBARD-FIELD TEST RESULTS FOR A TYPICAL SAND-BITUMEN
■ AND DENSE BITUMINOUS SURFACING MIX
Design criteria have been supplied by the Asphalt Institute for 
road surfacing materials and are summarised in Table 3-1, together with
criteria for sand-bitumen mixes supplied by the Centre Experimental de
✓ 35recherches et d 1etudes du Batiment et des Travaux Publics (CEBTP) and
by the Bureau Central d'etudes pour les Equipment d'Outre-Mer‘(BCEOM)
23
‘TABLE 3-1.
Mix-design criteria for the Hubbard-Field stability test
Road surfacings: ,
Traffic Heavy Medium and Light
Stability (kg) 900 550 - 900
Air voids (%)' 2 - 5 2 - 5
Sand-bitumen mixes:
with cut-back 
binders
After 7 days After 7 days 
(immersed)
Water
absorption
Sub-base. 300 - 400 kg 150 - 200 kg 10%
Base 500 - 700 kg 250 - 350 kg 1%
with 80/100 pen. 
binder
Traffic < 1000 vehicles/day >1000 vehicles/day
Sub-base 150 kg 200 kg
Base 250 kg 300 kg
3.3 Hveem Stabilometer test
23The test as described by the Asphalt Insitute is a form of triaxial 
test requiring a series of different individual tests to be carried out, 
involving several large pieces of testing equipment and,for this reason, 
is not widely used.
In brief, a cylindrical specimen, 100 mm (4 in) in diameter by 63.5 mm 
(2.5 in) high is compressed axially within a closed cell at a constant rate 
of 1.27 mm/min (0,05 in/min), and the lateral pressures developed are 
measured at corresponding incremental axial loads. The height/diameter 
ratio of 0.6 precludes an analysis of the results in terms of cohesion and 
angle of internal friction.
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The stability test must be supplemented by swell and cohesion tests.
The swell test involves partially immersing a stabilometer specimen in
water, the amount of water which percolates through the specimen being 
measured together with the change in specimen dimensions.
The cohesion test is carried out in the Hveem cohesiometer and again
the same size specimens are used.
Stabilometer results have been reported to be unaffected by changes
25in binder viscosity and small changes in binder content . The insensiti­
vity to bitumen viscosity in this test, which is carried out at ambient
?
laboratory temperatures, can be explained by Van der Poel's work on the 
visco-elastic properties of bitumen and bituminous mixes.
At low temperatures, all bitumens behave elastically in the classical 
sense, and Young's modulus of stiffness is equal to 3 GN/m2 . This has been
0 7  90  I Q  on
confirmed by Pfeiffer 9 . Smith and Mcleod have shown that triaxial
type testing of these materials at rates of strain up to approximately 
1 mm/min is independent of temperature and consequently independent of 
bitumen viscosity.
3.4 The unconfined compression strength test 
CO
The specimens used in the unconfined compression strength test are 
similar to specimens used in the Marshall Stability test. However, test­
ing is carried out by loading the flat faces of the cylindrical specimens.
This test is mainly used in the United States and Australia with 
stone!ess bituminous mixes.
3•5 The California Bearing Ratio test
This test has been well documented for use with soils. Its 
application to bituminous mixes is generally limited to stoneless mixes 
and represents the test least used of those described in this chapter.
3.6 Deformation Wheel Tracking test
The deformation wheel tracking test, usually abbreviated to wheel 
tracking test, is a simulative test normally conducted in a constant 
temperature room or cabinet, or with the test specimen immersed in a
vi t^o loi'th Y?se-rua'fc-('cm Lgc-omsC: ladicjLt- j  JraMe.tz'f -Wlt io
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temperature controlled water'bath.
At the Transport and Road Research Laboratory, the test consists of 
a loaded wheel and a reciprocating table which carries the test specimen 
as shown in Figure 3-4. The table reciprocates at 42 passes per minute, 
with a travel of 230 mm (9 in), beneath a solid rubber-tyred wheel 
(Dunlop hardness = 79) whose dimensions are 203 mm (8 in) diameter by 
51 mm (2 in) wide.
For road-surfacing mixes, the wheel is loaded to 53.6 kg (118 lb) 
and with a wheel/specimen contact area of approximately 9.5 cm2 (1.5 in2), 
gives a mean contact pressure of about 550 kN/m2 (80 lbf/in2).
Tracking proceeds for 45 minutes at a test temperature of 45°C for 
U.K. mixes and 60 C for overseas mixes, resulting in an initial compaction 
of the material followed by a uniform rate of deformation in the wheel 
track.
The Transport and Road Research Laboratory has found the following 
39criteria to be suitable for mix-design purposes:-
TABLE 3-2
Deformation Wheel Tracking test criteria (at 45°C)
Traffic Commercial vehicles per day
Rate of deformation 
(mm/mi n)
Light < 700 1.0 - 0.5
Medium 700 - 2000 0.5 - 0.12
Heavy > 2000 < 0.12
For use with materials from overseas countries, the Overseas Unit of TRRL 
recommend the above criteria^, but with a test temperature of 60°C.
Some typical results are shown in Figure 3-5 and include the results 
of a material which failed through microfracture.
19
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Fig.3-4 THE DEFORMATION WHEEL TRACKING TEST
a) DIAGRAM OF TEST APPARATUS
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Fig. 3-5 SOME DEFORMATION WHEEL TRACKING TEST RESULTS
These results are summarised in Table 3-3, together with comments on the 
suitability of these materials in road construction.
TABLE 3-3
Range of results obtained with the wheel tracking test
Curve Rate of deformation (mm/min) Comments
1 0.025 Very stable and suitable for heavily 
trafficked roads.
2 0.5 Less stable and on the minimum limit 
for medium trafficked roads.
3 >,8 Unstable and not suitable for even lightly 
trafficked roads.
4 1 > 15 • Very unstable and failing by disintegration 
through microfracture of a material with 
too low a bitumen content.
21
Hitch and Russell have described a study of some sand-bitumen 
mixes and found the standard load of 53.6 kg to be too severe for tests 
at 60°C. By removing the load on the arm, as shown in Figure 3-4, they 
were able to obtain a wheel/specimen contact pressure of 152 kN/m2 
(221bf/in2) which resulted in rates of deformation of the order given in 
Table 3-2, However, they were unable to correlate results from the two 
loading conditions.
3.7 The Cone Penetrometer test
41
This test briefly consists of measuring the rate of penetration of 
a loaded right angled cone into the surface of the compacted mix. The 
test can be used under both laboratory and site conditions; however, it 
it not widely used.
CHAPTER 4
V t
TYPES OF BITUMINOUS MIXES IN CURRENT USE
Many types of mixes, ranging from expensive mastics to cheaper coated 
chipping types, have been developed since the introduction of mix-design 
tests and recipes. • •
In the case of niastics, the absence of air voids produces a mix that 
is very durable, as there is no opportunity for the bitumen to oxidise or 
to be affected by water, except at the surface. The load bearing properties 
of the mix are largely determined by the properties of the bitumen, the 
mineral particles acting as extenders and stiffeners, and therefore hard 
bitumens generally with a penetration^ of 20/30 or 30/40 are used.
( i )  bitumen hardness measured by p e n e tra t io n  o f  loaded standard  
needle  a t  25 C in  u n its  o f  0 ,01  mm.
22
Mixes of the coated chipping type are characterised by-mineral, 
to mineral contact, the bitumen acting as a cohesive type of binding agent 
to hold the mineral particles together. The high air void content of 
such mixes allows the bitumen to oxidise and lose a proportion of the 
volatile components that may be present so the bitumen becomes harder 
during service. The high air void content also permits the entry of water 
into,the mix and this may, if the stone is unsuitable and the conditions 
severe, result in loss of adhesion between the mineral particles and the 
film of bitumen. Mix stability is obtained principally by means of friction 
and mechanical interlock between the chippings.
These types of mixes represent the extremes of the range of mixes 
used in practice. Between these extremes, other types of materials have 
properties that depend partly on the mineral aggregate and partly on the 
bitumen, and fall into a fairly well defined order of cost and quality as 
shown in Table 4-1. Not all the types of mixes listed in Table 4-1 have 
been developed specifically to meet particular climatic conditions and 
most types are widely used with surprisingly little variation in composi­
tion. The various types of mix, however, differ greatly in the viscosity
of the bitumen used, with a range of penetration from 20 to 350, and, in
some instances, cut-back bitumens or bitumen emulsions are used. There 
are also differences in the requirements of the aggregates used, high 
crushing strength aggregates being vital in mixes relying on interparticle 
friction.
A general.observation is that the dense mixes normally used on strong
bases for heavily trafficked roads are richer in bitumen so that they
require a harder binder but the aggregate is less critical because of the 
cushioning effect of the sand/filler/bitumen mortar.
Mixes, for use in road bases, also include bitumen/sand mixtures.
These tend to be stone!ess and made with a wide range of different types 
of binders. .
23
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CHAPTER 5 .
Dry sand mix, an alternative name for sand-bitumen or bitumen/sand 
mix,' was developed in Egypt in the 1930's and roads constructed from this 
material were known as "plastic roads".
Desert sands were used, with 5-8% wt of relatively high viscosity 
medium curing cut-back bitumens^ to facilitate handling of the mix 
constituents, which were mixed at ambient temperatures. These mixes are 
easy and relatively cheap to make compared with high quality road surfac­
ing mixes such as hot rolled asphalt and asphaltic concrete. They require 
virtually no compaction, and in fact were often only compacted by traffic, 
and increase in stability largely by curing of the cut-back, caused by 
loss of volatiles.
This results in the formation of a surface crust or skin of harder 
material and, as curing progresses, the crust thickness increases until 
the full depth of the mix has cured. This process may take several months, 
and the loss of volatiles is adversely affected by the increasing thickness of 
the crust.
During this time, the mix can be damaged by heavily loaded vehicles*, 
however, for.areas where there is at present very little traffic, they 
provide a method of low cost road construction in which load carrying 
ability will tend to keep pace with growth of traffic.
Such traffic conditions can be described as light, increasing to 
medium after a ‘few years.
For areas which require roads capable of carrying heavy traffic 
immediately upon completion, a much harder grade of binder is required to 
prevent deformation which can be costly if the material is overlaid with 
an expensive surfacing mix such as asphaltic conrete.
( i)  bitumen d i lu t e d  w ith  l i g h t  v o l a t i l e  o i l s .
BITUMEN/SAND MIXES IN CURRENT USE -
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Wet sand mix is similar to dry sand mix except that it uses wet 
sand and a binder known as "special road oil" marketed by Shell as Shelmac 
SRO. In comparison with dry sand mixes made with cut-backs, wet sand 
mixes develop stability much more rapidly through the loss of water.
A recent development has taken place in Australia where bitumen is 
foamed by the injection of steam, the resulting binder being employed in 
the same way as cut-back bitumen.
The advantage of this method is that a penetration grade bitumen can 
be used in-a foamed state and, after a very short curing period, results 
in a relatively stable mix.
In general, the various types of sand-bitumen materials have been 
used as low cost road-base materials, designed to take only light traffic 
in the early years of the road's life.
Consequently, literature on the road performance of sand-bitumen 
mixes has been limited to roads carrying light traffic.
CHAPTER 6.
THE PERFORMANCE OF SAND-BITUMEN MIXES UNDER LIGHT TRAFFIC
Limited studies have been carried out under laboratory and site 
conditions.
Many different tests, both empirical and those which yield information 
on fundamental properties, have been used with a wide range of bitumen 
types.
In general, the following observations are apparent from these studies
(i) detailed studies are confined to individual sites and
consequently limit the conclusions to the materials used,
(ii) laboratory studies of a wide range of materials require
relatively complex loading systems, thus difficulties can 
arise for the site engineer, and
42
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(iii) the extent to which a test is used is sometimes 
governed by deeply entrenched views of workers 
based on experience.
This naturally has presented engineers with a confused picture in the 
selection of suitable test methods of mix-design for sand-bitumen mixes.
6.1 Some laboratory/site studies
Table 6.1 summarises some of the published work in this field. The
majority of the test methods used were developed for high quality road
surfacing materials, with the exception of the Cone penetrometer test and
the Vane shear' test32*^39^ .
The development of the Cone penetrometer test was first described byOO /i r
Alexander and Blott for use with wet sand mixes. Williams , Hitch and
41 . 43Russell- , and Marais have discussed results obtained with this test.
The vane shear test, described by Marais, produces results which 
correlate with an established soils test, the California Bearing Ratio 
(CBR) test.
The behaviour of sand-bitumen mixes, when stressed under laboratory
conditions, can depend upon the sand grading, and particle shape and
45texture. Duthie has shown this with results from the Marshall test.
47Huang describes some factors which affect the rheological behaviour
of some mixes and postulates that two different types of deformation exist.
The first one strengthens the mix and predominates at low levels of stress
or short loading times. The second weakens the mix and predominates at
high levels of stress and long loading times. Similar results have been
48described by Hady and Herrin .
/
In addition to the work summarised in Table 6.1, trials have been
4Q (rrj
described by Simoncelli and Gironde , and Taivainen .
Research into the addition of resins to bituminous binders for use in 
arctic regions has been described by Chernyi and Ibragimov3^, and Glazer52.
27 .
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' TABLE 6-1
Summary of studies carried out on sand-bitumen mixes
.Authors Type of binder Tests
Anderson, Haas 
53and Lap!ante
1. MC-3 cut-back bitumen
2. 150/200 pen. bitumen
3. Foamed bitumen (150 pen.)
4. SSI bitumen emulsion
Triaxial
Bow'ering54 Foamed bitumen Hveem stabilometer, 
Unconfined compressive 
strength (UCS)
Davies and 
Stewart55
SSI bitumen emulsion Florida bearing 
capacity,
Direct shear, 
Hubbard-Field, 
Triaxial,
UCS
Dunn and
o n  56 Salem
Cationic bitumen emulsion Triaxial, 
UCS
Gregg, Dehlen 
44and Rigden
1. 80/100 pen. bitumen
2. 40/50 pen. bitumen
3. Cut-back manufactured from 
80/100 pen. bitumen
4. RC-2 cut-back manufactured 
from 40/50 pen. bitumen
5. 30/35 EVT tar
Triaxial,
In-situ CBR,
In-situ Vane shear, 
Plate bearing
Hitch5'7 80/100 pen. bitumen Bump integrator
Hitch and 
Russell^
1. MC-2 cut-back bitumen
2. 200/300 sec cut-back bitumen
3. SI25 cut-back bitumen
4. 80/100 pen. bitumen
Wheel tracking, 
Marshall stability, 
Hubbard-Field;
Cone penetrometer, 
California Bearing 
Ratio (CBR)
Huang47 1. 85/100 pen. bitumen (sol type)
2. 175/200 pen. coal tar
3. 85/100 pen. coal tar
4. 50/60 pen. bitumen (elastic sol 
type)
5. 85/100 pen. bitumen (elastic 
sol type)
6. 85/100 pen. bitumen (rubberised
UCS
Konnemund58 Bitumen emulsion Marshall stability, UCS
43Marais See Gregg et al Cone penetrometer, 
In-situ CBR and 
Vane shear
Williams^5 See Hitch and Russell Hubbard-Field 
Cone penetrometer
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With the exception of Gregg et al and of Marais, research into the 
behaviour of sand-bitumen mixes has been limited to the needs of light 
traffic, and these mixes have been treated as low cost road base materials.
CHAPTER 7 
I
THE PERFORMANCE OF SAND-BITUMEN MXIES UNDER HEAVY AXLE LOADS
A site investigation was carried out on a road carrying heavy axle 
loads and subjected to high summer temperatures. The location of the 
road is shown in Figure 7-1. The base of the road was largely constructed 
with sand-bitumen mix and Table 7-1 records the types of construction used 
and the lengths of road under study.
TABLE 7-1
Types of construction of road base under investigation
Type of construction
■ ----------------- ....... - ■
Length of road (km)
A Asphaltic concrete 50mm (2 in) 
Sand-bitumen 125mm (5 in) 
Sand-cement 150mm (6 in)
14
B Asphaltic concrete 50mm (2 in) 
Sand-bitumen 125mm (5 in) 
' Sand-bitumen < 125mm (5 in)
7
OcccLsiono-l failures in the base were apparent at several sites, and some of these 
are shown in Figures 7-2 to 7-6. These lead to rapid deterioration of the 
surfacing, as shown in Figure 7-7, especially when a stiff surfacing mix, 
asphaltic concrete, is used. Major reconstruction of the failed sections 
is inevitable, a costly process with the rising price of raw materials.
The investigation included a visual inspection of the road, and a
laboratory study of cores taken from sound and failed sites. Information
on the climatic and traffic conditions prevailing at these sites was
59obtained in an earlier study .
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7.1 Temperatures prevailing at road sites
. Road temperatures and climatic conditions that may be expected infiO
the Arabian Gulf have been described by Potocki . The maximum and minimum 
air shade temperatures recorded at Abu Dhabi and AlAin are shown in 
Figure 7-8. Figure 7-9 shows the weekly maximum temperature recorded at 
the surface of different road constructions in Abu Dhabi and Al Ain, and 
Figures 7-10 and 7-11 record the thermal gradients found in 5 cm of 
asphaltic concrete on 23 cm of sand-bitumen mix at these sites.
The climatological investigations carried out by Potocki over a period 
of two years in the Emirate of Abu Dhabi show the extreme temperature range
to which road materials are subjected in this particular climate, with
surfacings in the inland area experiencing a change of over 65°C between 
summer and winter.
Experience has shown that sand-bitumen bases, under extreme conditions, 
can experience temperatures up to 60°C, It would appear reasonable that 
mechanical tests may be carried out on these materials at this temperature.
7.2 Axle load distribution on roads in the Abu Dhabi area
An investigation into the axle load distribution on roads in the 
Abu Dhabi area was carried ouj; by Ellis and Potocki during 1969 - 1971. 
They showed that:
(i) axles heavier than UK legal limits cause about three- 
quarters of the total damage to roads in Abu Dhabi;
(ii) two-axled vehicles loaded to UK legal limits cause
deterioration to roads at a rate of approximately £1 
per 100 km travelled compared with about £11 per
100 km travelled for the heaviest vehicles in Abu Dhabi; 
and
(iii) a permitted axle load of between 10 and 13 tonnes would 
be appropriate for Abu Dhabi.
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The overall axle load distribution in terms of total number of 
axles and equivalent standard axles for the road between Abu Dhabi and 
Al Ain is shown in Figure 7-12. Included in this figure is a distribution 
for a well-known road in the UK. An example of the type of vehicle con­
tributing to these extremely high axle loads is shown in Figure 7-13.
From the results described in Figure 7-12, and from the road tem­
perature data previously described, it would appear that sand-bitumenCO
mixes used successfully as road base material under these conditions may 
prove useful in roads in other parts of the world under the same or less 
severe conditions.
7.3. Laboratory study of cores taken from the Abu Dhabi - Al Ain road
Following a preliminary study of the road carried out by a team
53
from the Overseas Unit of TRRL in 1969 , 320 cores (100 mm, 4 in
diameter) were cut from the road using an electrically-powered core­
cutting machine shown in Figure 7-14. Cores representing sound areas 
were taken at equal intervals along the length of road under investigation; 
cores taken at failure sites were cut on a grid pattern, an example of 
which is shown in Figure 7-15.
the thicknesses of the different pavement layers are recorded in 
Appendix 1, and includes an indication of the degree of adhesion between 
each pavement layer. Table 7-2 summarises the data given in Appendix 1, 
and includes the specified layer thicknesses.
Although single layers of sand-bitumen base were specified at sites 
1 and 2, visual inspection revealed that this was not the case and this 
was confirmed by local comments.
At several sites, horizontal shear planes had developed, caused by 
movement of material within the base of the road. Figure 7-16 shows 
the initial stage of deformation within the road structure. The side-wall 
of the bore hole has deformed in a transverse^direction to the direction 
of traffic and wheel tracks in the lower region of the sand-bitumen base 
layer. The present and original position of the side-wall have been 
superimposed on Figure 7-16 and the difference, approximately 3 mm,
( i )  see. comnie-nts Laptev a.tocut- subsec^ue-yit d e t  e y't'ora.tcon
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developed over a period of about 1 weekjf, giving att;~;_\ indication of the 
amount of movement within the base.
Excessive movement of material leads to horizontal stresses being set 
up within the base material and in many cases has resulted in horizontal 
shear planes. This mode of failure appears similar to Prandtl's applica­
tion. of Rankine's theory of earth pressures which is discussed further in 
Chapter 9.
Deformation in the sand-bitumen base material was found to be greatest 
at a depth of approximately 100 to 150 mm irrespective of the type of base 
construction.. Consequently, the investigation of cores taken from areas of 
type B construction was limited to the top sand-bitumen layer.,
To determine the strength of the sand-bitumen layer in the cores,. 65 mm 
(2| in) thick slices were cut from the cores with a circular diamond-tipped 
saw to provide specimens for the Marshall test. The results from this test, 
are summarised in Table 7-2.
The remaining material and sand-bitumen layers were analysed to obtain 
binder contents and sand gradings according to the extraction bottle method 
of BS 598.62
One of the recovered sands resembled "sabkha" - a saline marsh material
which is abundant in the Abu Dhabi region. Consequently the sands were sieved
63by a method described by Russell which requires wet-sieving with a non­
polar solvent. All of the recovered sand was retained for further study *.s 
described in Chapter 8.
The residual binder was recovered from the core material using a
CA rr
modification of IP 105/72 devised by Green , since only small amounts
of binder (about 20 g) were recovered from each core. Absolute viscosity
measurements were made using a sliding plate microviscometer . From
these results, the penetration at 25°C of the binder was estimated by -38applying the relationship established by Pfeiffer , which is shown in 
Figure 7-17. The estimated binder penetrations are summarised in Table 7-2, 
together with binder contents.
43
•ftecL
Absolute viscosity at 25 C ( poises )
Fig.7-17 PENETRATION-VISCOSITY RELATIONSHIP FOR BINDERS (PFEIFFER)
Included in Table 7-2 is the specific surface area of the sands 
' under investigation. These results show the wide range in values that 
may be found in sands and their significant effect on binder contents 
and thicknesses is fully discussed in Chapter 10.
The grading curves of the sands are shown in Figure 7-18, and 
photomicrographs of the sands are shown in Figure 7-19. Both figures 
show the wide range of material represented in the investigation.
7.4 Discussion of sites and test results from cores
Visual damage to the road at site 1 was mainly in the form of parabolic 
tears in the surfacing due to slippage between the surfacing and base.
Sites 2 and 3 showed marked rippling and pushing in the surfacing at 
failure areas, caused by plastic deformation in the sand-bitumen base.
This often resulted in slippage between the base layers, irrespective of 
the type of material in the lower layer.
tl\? United viufitW <4
Strength measurements of/specimens from all of the sites give little 
indication of the behaviour of the sand-bitumen base material and resultsfatto-rs
appear to be ‘ _ "  j  influenced by [the penetration of the binder and
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sand gradings. Binder contents, however, do reveal some differences, 
with at least M  wt difference between sound and failed areas.
Some indication of the movement of material in the base is given by 
the layer thicknesses. At sound areas, the thickness of the base is only 
about 95 per cent of the specified thickness, whilst at failed areas, the 
thickness was down to about 75 per cent of that specified.
Several cores showed evidence of disintegration in the sand-bitumen 
layer caused by microfracture. A distinguishing feature of this behaviour 
was very low binder contents; a typical value at one failure site was 
approximately 2 per cent.
The compacted density at this site was slightly higher than that of 
the surrounding sound area, suggesting that further compaction is taking 
place under traffic. Binder viscosities at this failed site were found 
to be slightly higher* Thus the combination of low binder contents, a high 
degree of compaction and high binder viscosity would appear to be the 
conditions required for microfracture to take place.
No information was available on the grade of binder used in the sand- 
bitumen mixes. During the binder recovery process, samples gave off a 
distinct odour of white spirit, suggesting the use of a rapid curing grade 
of cut-back, probably RC-2 grade, which is available to contractors in the 
Abu Dhabi region.
This could well explain the high penetration values of the recovered 
samples of binder, compared with those obtained after the curing of sand- 
bitumen mixes made with 60/70 penetration grade bitumen at 60°C for one 
and two years, and the low residual binder contents in road samples after 
the loss of volatiles. The effect of curing sand-bitumen mixes at 60°C is 
shown in Chapter 8 .
In conclusion to this chapter, it is suggested that strength measure­
ments of cores taken from road sites yield little information towards the 
behaviour of the material under site conditions. Binder content measure­
ments give much more useful information especially in conjunction with 
surface area measurements, as will be shown in Chapters 9 and 10.
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CHAPTER 8
.A MIX-DESIGN STUDY OF SANDS USED IN THE ROAD UNDER INVESTIGATION •
Several test procedures have been discussed earlier in this thesis, 
and of these, the following were readily available and examined:'
(i) the Deformation Wheel Tracking test:
(ii) the Marshall Stability test; and
(iii) the Hubbard-Field Stability test.
A testing temperature of 60°C was chosen to represent the most adverse 
road temperatures found under site conditions.
The binder used was 60/70 penetration grade bitumen which is readily 
available to contractors in Abu Dhabi and in many other parts of the world.
Two ranges of binder content were used. The first, used with sands 
recovered from cores from the three sites under investigation, included 
the mean binder content at failed areas and of sound areas, and where 
possible, +1 and/or +2 per cent on the mean binder content at sound areas. 
The second range of 2 to 6 per cent was used with bulk samples of sands 
comparable to those used in the road.
These three bulk samples of sands may be described as follows:
TABLE 8-1 
Description of sands used in study
Sand Site Description
A 1 A coastal dune sand, containing varying quantities of 
shell particles and "sabkha" type material.
B 2 A soft sandstone, described locally as self-cementing 
and containing large quantities of-"sabkha".
C 3 An eolian dune sand.
D + An oolitic dune sand, containing spherical shaped particles.
-=j= This sand was included in the investigation since 
it was being used locally in road construction
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Their grading curves are shown in Figure 8-1. Included in this figure 
are the curves of the sands after being scalped on a 2.36 mm sieve, which 
was,carried out to prevent the effects of the presence of stone in theOf o/r /i/r
sand-bitumen mixes'1'29 9 9° . The effect of stone in these mixes has
been well documented and an additional study was made of one of the sands, 
sand B, which contained many large pieces of sandstone in the bulk sample. 
These pieces of stone were crushed in a 100 mm jaw crusher and produced 
a material whose grading is included in Figure 8-1.
To obtain information on the amount of curing or hardening of the 
binder under site conditions, wheel tracking specimens were stored for 
one and two years at 60°C before testing was carried out.
Test procedures
The test procedures of the three methods of mix-design used in this 
study have been described in Chapter 3. Difficulties were found with the 
wheel tracking test when the standard load of 53.6 kg is used with these 
mixes. •
41Hitch and Russell suggested the use of a 14.5 kg load, which is the 
minimum load possible on the machine developed by the Transport and Road
Research Laboratory. No information is available on the relationship
■' between the results from these two loading conditions, but it was hoped 
that some information might be obtained from the sand-bitumen mixes 
containing crushed sandstone and those mixes which were to be cured at 
60°C for one and two years.
As will shortly be shown, these mixes were stable enough to be tested 
under the standard load.
Some difficulty was encountered in compacting Marshall test specimens 
of one of the mixes made with the eolian dune sand, sand C.
It was found that the standard number of blows per face of the 
specimen, 50, was not enough to compact mixes to the compacted densities 
found at failed areas at site 3, where sand C was used.
To overcome this problem, a short study was made of compacting mixes
with a vibrating hammer.
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The results of the standard and non-standard tests are recorded 
in Appendix 2. Figures 8-2 to 8-4 summarise these results.
8.2 Discussion of results
8.2.1 Deformation Wheel Tracking Test results
The response of deformation rates to changes in binder content 
appears to fall into two groups: mixes made from the bulk samples of sands 
used in the road under study; and mixes made from sands recovered from 
cores taken at sound and failed areas in the road.
In the first group, very little difference exists between the 
behaviour of sands A and B. The dune sand, sand C, contains much more 
rounded shaped particles resulting in less mechanical interlock between 
particles and consequently giving higher rates of deformation. The 
compacted densities obtained with all three sands showed a similar response 
to binder content as shown in Figure 8-2.
The second group, consisting of mixes representing the varying 
"quality" of material found in the road, shows some degree of on
between mixes from sound and failed areas with the exception of sand B.
This material contained a higher proportion of large sized particles which 
is probably a contributing factor towards the lower rates of deformation
t
found with this sand. The compacted densities of mixes within this group 
showed similar response to changes in binder content.
Some of the drier mixes, ie low in binder content, showed evidence of 
microfracture during the course of the test. This resulted in the mix 
changing to a powder in the wheel track, and the wheel subsequently 
"ploughed" up the specimen.
The testing of more "stable"-mixes, ie those which contained aggregate 
or had been cured for 1 or 2 years at 60°C, was possible with the standard 
wheel load and the results are recorded in Appendix 2 . At the present 
time these results are of limited use for mix-design purposes, since 
aggregate is rarely added to sand-bitumen mixes, and hard bitumens are 
used even more rarely.
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However, they do correlate with results obtained by testing under 
the minimum wheel load, and this relationship is shown in Figure 8-5.
This shows that sand-bitumen mixes tested with a wheel load of 
53.6 kg will have a rate of deformation of approximately nine times the
rate obtained by testing with a wheel load of 14.5 kg.
By applying the mix-design criteria described in Chapter 3, the
following criteria are suggested for tests carried out with a wheel load
of 14.5 kg:
TABLE 8-2
Criteria for Wheel Tracking test results, with wheel load of 14.5 kg
Traffic Commercial vehicles per day
Rate of deformation 
(mm/min)
Light < 700 0.12 - 0.06
Medium 700-2000 0.06 - 0.02
Heavy > 2000 < 0.02
8 ,2.2 Marshall test results
Stability results,have not shown a clear response to changes 
in binder content, with the exception of the mix made with aggregate 
obtained from the bulk sample of sand B3 §.
This mix contains a relatively high proportion of stone, resembling 
a dry surfacing mix. The occurrence of double stability peaks has been 
reported by many workers, but has never been clearly explained.
It is suggested that the first peak is due to mechanical stabilisation
in the mix, where the binder acts as a lubricant. This is analogous with
32 68 69the Proctor compaction curves obtained with soils 9 9  .
The second peak is probably due to the presence of the binder forming 
a rich sand/bitumen mortar, and is analogous with the stability peak 
sought after in the mix-design of surfacing materials.
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Flow values, which can be described as the deformation or strain 
at maximum sfcrerf ., do not give a clear indication of how mixes may 
deform before failure occurs in the road. It has been suggested by<3/1 *7 A
several researchers * that these values are of little practical use,
7 1  7 ^  7 * 3  '
whilst other workers 9 point out the merit of using the ratio of 
stability over flow as a basis of differentiating between mixes.
The compacted densities of the mixes show a general increase with 
increasing binder content, and no true optimum value is reached. However, 
the mixes containing the aggregate obtained from the bulk sample of sand B 
showed a slight inflexion point.
I
This point is to be found at the same binder content at which the 
first stability peak occurs. This suggests that mechanical stabilisation 
■is occurring to * degree at this point. *
. With the exception of sand B (bulk) and sand C (cores), air void 
contents are consistent in their response to changes in the binder content. 
It is possible that the particles of sand B, which are derived from a 
very soft sandstone, are disintegrating during compaction, thus resulting 
in a more finely graded material. This would undoubtedly affect the 
compacted density of the mix and consequently the air void content.
Only two binder contents were used with sand C (cores), due to the
small quantities of sand available. Further binder contents must be used 
before any subjective comment can be made.
An alternative method of compaction,.using a vibrating hammer, yielded 
results recorded in Appendix 2.
These results are greatly influenced,by the time of compaction, and
can result in transverse shear planes, as shown in Figure 8-6. This type
74Of shearing has been reported elsewhere , and is probably caused by a
build-up of pore pressure during compaction which results in this
characteristic failure when compaction is ended. Further research is 
required with this type of compaction before any subjective comments 
can be made.
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Fig. 8-6 OVERSTRESSING DURING COMPACTION OF MARSHALL SPECIMEN 
8.2.3 Hubbard-Field test results
Stability results showed the same trends as shown by the 
results of the Marshall test.
However, stability results were very much influenced by the high 
concentration of stresses which develop in the region of the extrusion 
ring during testing. This results in values approximately three times 
greater than those obtained in the Marshall test.
8.3 General comments
Some separation was obtained between the mixes representing success­
ful and unsuccessful sites. This separation was greatest with results 
from the wheel tracking test.
The results from the three tests were found to be inter-related,as
shown in Figure 8-7. Similar relationships have been reported by the 
75author for natural asphalts from Colombia.
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Rg. 8-7 RELATIONSHIP B E T W E E N  RESULTS OF W H E E L  TRACKING TEST 
WITH M A R S H A L L  A N D  H U B B A R D - F I E L D  TEST R E S U L T S  
Little information is available on suitable criteria for the use of 
these three tests with sand-bitumen mixes. However, in the light of the 
reasonable performance of the wheel tracking test, criteria suggested by 
TRRL for road surfacing mixes would probably be acceptable for base materials 
such as sand-bitumen.
By applying the relationships shown in Figures 8-5 and 8-7, the follow­
ing tentative criteria can be derived:
TABLE 8-3
Tentative criteria for the mix-design of sand-bitumen mixes
Traffic
Commercial 
vehicles 
per day
Tyre
pressure
(psi)
Wheel tracking test* 
rate of deformation 
(mm/min) Marshall*
stability
(kg)
Hubbard- 
Field* 
stability 
(kg)53.6 kg 
load
14.5 kg 
load
Light
Medium
Heavy
< 700 
700-2000 
> 2000
40 - 50 
60 - 80 
80 - 100
1.0-0.5 
0.5-0.12 
< 0.12
0.12-0.06 
0.06-0.02 
< 0.02
200-250 
250-400 
> 400
500-600 
600-750 
> 750
* Tests carried out at 60°C
Similar criteria have been suggested for the Hubbard-Field stability 
by CEBTP and BCEOM, and the criteria in Table 8-3 appear to correlate 
loosely with the results shown in Figures 8-2 to 8-4.
However, none of the test results give a clear indication of the., 
.behaviour of sand-bitumen mixes under different traffic conditions.
This can only be achieved by applying tests which measure the funda­
mental properties of the mixes.
CHAPTER 9
AN INVESTIGATION INTO THE FUNDAMENTAL PROPERTIES OF SAND-BITUMEN MIXES
Tests which yield information on the fundamental properties of mixes 
lost popularity in the past because they became complicated, cumbersome 
and time consuming.
If an attempt is to be made of studying these properties, it is
essential that the study should be confined to a test which is as simple and
as easy to carry out as those mix-design methods in common use today.
The most common tests used in the study of these properties of soils 
are the triaxial and direct shear tests, Bituminous materials have 
generally only been tested with the triaxial test.
However, research has shown that identical results can be obtained
55from both tests with sand-bitumen mixes .
The testing of bituminous mixes, in. comparison with soils, require the 
additional effects of binder viscosity changes to be taken into account.
These changes in binder viscosity or hardness are due to the following:
(i) various grades of binder are used in road construction,
(ii) changes in road temperatures caused by climatic conditions, .
(iii) hardening of the binder caused by the natural process of 
ageing, and
They can be easily studied by using elevated testing temperatures and va+toms 
rates of strain.
The direct shear test lends itself easily for modification at relative­
ly little extra cost.
Very little information is available on the stress distribution in 
sand-bitumen mixes under field conditions. Various methods for analysing
7 A 77  7Q
stress distributions in soils have been suggested, 9 9 and it is
assumed that one of the simplest of these methods is applicable to sand- 
bitumen mixes.
This information is required in order to estimate the range of loads 
that can be applied to sand-bitumen mixes in the direct shear test.
Further information is required on the mode of failure of these mixes 
under site conditions.
It has been suggested that failure in sand-bitumen mixes can be 
attributed to varying degrees of plastic deformation analogous with the 
deformation of clay materials in soil mechanics. Site investigations, 
described in Chapter 7, have confirmed this analogy.
Consequently, established mathematical treatments of test data can be 
employed.
9.1 The stress distribution of sand-bitumen mixes under laboratory and 
field conditions _
76 78 68Boussinesq , Burmister and others have provided methods for
analysing stress distributions in soils, and probably the simplest of
these is Bou'ssinesq's mathematical analysis of the stress distribution in
an elastic solid. If the subgrade, sub-base, base and surfacing are
assumed to form one semi-infinite, elastic, homogeneous, iso-tropic solid,
and the wheel load considered to be uniformly distributed over a circular
area equivalent to the contact area, then the following equations can be
obtained for the stress and displacements at any point within the solid due
(iv) the rates of strain to which a binder is subjected.
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to a point Toad acting normal to the surface (the maximum vertical and 
shear stresses across any horizontal plane occurring on the vertical axis):
5!____\    (1)
°z “ P 1 1 " “  3
(a2 + z2)7
, x - o - f (1 + 2y)~ +    (2)
\ (a2 + z 2 )2  (a2 + z2 )2
i
where 0 = vertical stress on the axis
a - horizontal stress on the axis 
*  y  .
_,p a applied pressure or intensity of loading at the surface 
a = radius of equivalent applied circle of loading 
z a vertical distance of the point from the surface 
y - Poisson's ratio
The maximum shear stress at any point is half the difference between the 
principal stresses, ie
T . ! i " = p ( L L z J e L +  (V +i Q - 3z3 \.............. (3)
max 2 R I 4 T T  3
2(a2 + z2j l  4(a2 + z2)2
where t v a maximum shear stress at a point on the axis, max
If the maximum that may be expected on the surface is assumed to 
be 100 psi, ie 690 kN/m2, the application of equations 1 to 3 will give 
the following maximum stresses:
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Vertical load (kg) 640.8 320.8 160.8 80.8 40.8
Vertical stress, (kN/m2) 629 315
OD 
| 
LO 
: 
i— 
j
79 40
Ratio of z to a . A 5 1.4 2.3 3.3 4.7
Horizontal stress ax »tfy (kN/m2) 276 35 8 5 1
Shear stress, t (kN/m2) - max v ' 180 144 79 41 23
where y = 0.5, p =  690 kN/m2, and z is expressed as a multiple of a by
putting a = 1. ,
\
The values of z/a shown above cover the range that may be expected 
in the field. If the contact area of a tyre is assumed to have a radius 
of approximately 70 mm, the values of z/a will cover a depth of construction 
of approximately 300 mm.
The vertical loads shown above were used in the study shortly to be 
described. It was assumed that they would represent the range of stresses 
that might be found in a base constructed of sand-bitumen mix, subjected 
to a point load of ^ «*>«psi (690 kN/m2) on the surface. This point of 
100 psi is taken as the maximum expected tyre pressure exerted by commer­
cial vehicles.
9.2 Treatment of test data 1 . •
The most popular approach in expressing results has been the 
application of Prandtl's theory of plasticity^4. This is shown in 
Figure 9-1. At the point of failure, the maximum load, Q , is referred 
to as Prandtl's bearing capacity of the material. A similar mode of
failure in sand-bitumen mixes is described in Figure 7-16 of Chapter 7.
This bearing capacity, Q , is calculated as follows:
o' _ _C_ f(1 + Sincj>) . e1ttan't'
wu tan <f> * [ 1 - Sin<j>)
where <j> is the angle of internal friction, and 
C is the cohesion.
64
Shear planes
Fig. 9-1 M O D E  OF PLASTIC FAILURE OF SOILS A F T E R  PR A N  DTL
20Another treatment, suggested by Mcleod , uses a similar relationship 
involving c and <j>, as follows:'
A
1 + Sinf)
1 - S'in<j>)
where Q is described as Mcleod's ultimate bearing capacity.
Both of these relationships are derived from the Mohr-Coulomb 
equation:
where t = the shear strength of the material,
c = the apparent cohesion of the material,
an * the normal stress on the sheared face, and
<{. = the angle of shearing resistance or internal friction
and Rankine's theory of earth pressures.
x = c + an . tan <j>
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9.3 A Laboratory investigation into the behaviour of sand-bitumen mixes
in the direct shear test
The factors that can influence the results, obtained from shear 
measurements can be described as follows:
' , i) the physical properties of the sand under test;
ii) the visco-elastic properties of the bitumen;
iii) consequently, the.temperature at which the test carried
out;
iv) the vertical load and rate of strain exerted on the test 
specimen; and
v) the degree of compaction obtained in the test specimen 
before testing.
, The influence exerted by the physical properties of the sand may be 
studied by testing sands of varying gradation, surface area and texture, 
and a comparison made with the properties of a standard material, in this 
case, Ballotini; a uniformly shaped, single sized material, consisting of 
spherical glass particles.
The properties of the bitumen may be examined by considering a range 
of binder viscosities, comparable to the range that may be used in road 
construction, and found after several years of service.
A binder content range of 0 to 10% wt covers the range normally 
encountered in the field, and includes a comparison with the naturally 
occurring material, dry sand.
Roads designed for heavy traffic would normally encounter tyre 
pressures in the range of 80 to 100 psi or 550 to 590 kN/m2. A maximum 
vertical stress of 629 kN/m2 was assumed * c* for even overloaded
vehicles and a preliminary trial showed that shear stresses of less than 
600 kN/m2 would develop.
66
19 " 2 0Smith and others have shown that at low rates of strain of less 
than 1 mm/min, the effect of bitumen viscosity is negligible. This 
supports Van der Poels's theory that the stiffness of a bitumen is inversely
proportional to the rate of strain.
4-4-
Gregg et al have described similar findings from triaxial tests at 
rates of strain in the range of 0.01 to 76.2 mm/min.
On the basis of these findings, two rates of strain were chosen: a 
low rate of strain of 1 mm/min, and a rate of strain higher tl\an those 
considered by Gregg et al of 1^3 mm/min. This high rate was‘the greatest 
possible with commercially available motors attachable to the shear box 
equipment, and resulted in tests being carried out with loading times of 
approximately three seconds.
For a 100 mm x 100 mm shear box assembly, the following strain rates 
are obtained:
Low rate 1.67 x ICf^ sec""^
High rate 2.22 x 1(T2 sec"^
The final factor which can influence the results is the degree of 
compaction achieved in test specimens. An initial study of cores from road 
sites constructed with sand-bitumen, which had experienced failures, 
supplied information on the degree of compaction under field conditions.
Details of the shear box and ancillary equipment are described in 
Appendix 3. Briefly the apparatus consists of a 600 kN capacity direct 
shear box testing rig, fitted with a conventional loading beam and 100 mm 
square shear box specimen. A constant rate of strain of 133 mm/min is 
achieved by means of a geared J HP motor and the maximum shear stress 
developed during the test is recorded on a proving ring dial gauge. At 
high rates of strain, the return spring of the dial gauge can be removed 
to facilitate readings, or a transducer can be attached to the proving 
ring for automatic chart recording. Figure 9-2 shows the shear box, and 
the layout of the equipment is shown in Figures 9-3 to 9-5.
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9.3.1 Details of binders and sands under investigation
A preliminary investigation described in Chapter 7 gave information 
on binder viscosities that may be found in the road after several years 
of service and the range of road temperatures that sand-bitumen mixes 
might be expected to endure. Two binder viscosities were chosen to 
represent the extremes in viscosity range as follows:
(i) 6 x 10 poises, obtained by testing 60/70 penetration
bitumen at 60°C, and
4 r
(ii) 10 poises, obtained by testing 60/70 penetration bitumen 
at 25°C.
A third viscosity was included to represent a minimum viscosity 
of an uncured cut-back of 10 poises. This was manufactured by mixing ■ 
60/70 penetration bitumen with diesel oil in a 1:1 ratio and tested at 
25°C. This mixture is equivalent to MC-1 grade cut-back bitumen. The 
relationship between these viscosities and temperature is shown in 
Figure 9-6.
The following three sands were used in the investigation:
A. a coastal dune sand (used in the road described in Chapter 8),
E. a UK river sand comparable to sand C described in Chapter 8 , 
and F. ballotini.
Their gradings, together with that of the sand C,are shown in 
Figure 9-7, and Figures 9-8 to 9-10 show the texture and shape of the 
particles of sands A and E, together with sand C.
In an attempt to evaluate the effects of sand particle shape and 
texture on shear box results, three laboratory techniques were used:
79(i) Rigden's permeameter , to estimate the surface area of
the sand,
80 81(ii) Hveem's centrifuge kerosene equivalent (CKE) * , which
gives an empirical value to the combined effects of
particle shape and texture, and sand surface area, and
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(iii) The angle of repose , which gives the angle of shearing 
resistance of the dry sand.
These tests are described in detail in Appendices 4 to 6 .
The densities (S.G.'s) of the sands were also determined, and the 
resu.lts from the above tests are recorded in Table 9-1.
r*i
TABLE 9-1
Some physical properties of the sands under investigation
Sand S.G.
/
Surface area. 
(cm2/g) CKE
Angle of repose 
(degrees)
A 2.64 1626 3.0 40.0
E 2.66 651 2.3 34.5
C (2.65) (660) (2.4) (32.5)
F 2.50 467 0.6 25.5
( Sand E has been compared with the desert dune sand, sand C, because 
initially it was intended to use the desert dune sand in this investigation. 
However, following the investigations described in.Chapters 7 and 8 ,
lb
insufficient quantities of this sand remained, and^was subsequently replaced 
by a. comparable sand, sand E, as shown by the above physical properties and 
in Figures S-7,9-9 and 9-10. *
9.3.2 Preparation of test specimens and testing procedure
Mixing was carried out in a "sun and planet" type mixer, and mixes 
compacted to road densities in 25 mm deep wheel tracking test moulds.
The appropriate mixing and compaction temperatures are given in Figure 9-6.
From the resulting 300 mm x 300 mm x 25 mm specimens, nine 100 mm x 
100 mm by 25 mm specimens were cut out for the shear box test and their 
compacted densities measured and recorded in Table 9-2. Air void contents 
were also calculated and included in Table 9-2.
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' TABLE 9-2
SG's and air void contents of compacted specimens
Binder Content 
{% wt)
Sand A Sand E Sand F
Compacted
density
(Mg/m3)
% voids
Compacted
density
(Mg/m3)
% voids
Compacted
density
(Mg/m3)
% voids
0 1.80 31.8 1.70 36.1 1.65 34.0
1 1.82 30.0 1.72 34.3 1.67 32.2
2 1.83 28.5 1.75 32.9 1.69 30.5
3 1.85 26.5 1.75 31.0 1.72 28.3
4 .1.87 24.4 1.76 29.6 1.71 25.1
5 1.90 21.1 1.80 26.9 1.74 25.4
6 1.93 19.7 1.81 25.4 1.77 23.1
* 7 1.96 17.6 1.82 23.9 1.79 21.1
8 2.00 14.3 1.84 22.0 1.80 19.7
9 2.03 11.8 1.87 19.5 1.81 18.1
10 .2.05 9.6 1.89 17.6 1.80 17.6
A typical compacted specimen is shown in Figure 9-11
In the case of dry mixes and specimens prepared with the cut-back, ie 
unstable mixes at room temperature (ambient room temperature was 25 ± 2°C), 
materials were compacted directly into the test rig by applying a pressure 
of 524 kN/m2 for 5 minutes, after the mixes had been heated to the approp­
riate compaction temperature. The same process was used with the dry sands. 
A preliminary study showed that road densities could be obtained with this 
method of compaction with sand-bitumen mixes.
Many mix-design methods require compacted test specimens to be left 
for 24 hours before testing commences. Ari initial study with shear box 
specimens showed that little is to be gained by leaving compacted specimens 
for 24 hours before testing. Consequently, specimens were tested almost 
immediately after compaction.
82The testing technique described by Ackroyd ' was followed where 
possible.
Deviations from this technique include the compaction procedure for 
unstable mixes and the following procedure for testing specimens at elevated 
temperatures.
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Specimen after testing
Fig. 9-11 DIRECT SHEAR TEST SPECIMENS NADE WITH SAND A 
AND 1+fc OF 60/70 PENETRATION GRADS BITUMEN
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For tests carried out at elevated temperatures, the water bath was 
heated to the required temperature,! and water pumped around the shear 
box assembly for 20 minutes to raise the temperature of the specimen 
to the test temperature. This temperature was maintained throughout the 
test. For tests carried out at 25°C, ambient room temperature, no water 
bath was used; but the specimen was left for 20 minutes.
Upon completion of the test, the binder contents of mixes made with
the penetration grade bitumen were checked by analysis, using a technique 
developed by the author. This is described in full in Appendix 7. The 
results from these measurements are shown in Table 9-3, and show quite 
'clearly the performance that may be expected from this technique.
A typical specimen after testing is shown in Figure 9-11. The results
from the tests on sands A, E and F are recorded in Appendix 8 .
TABLE 9-3
Binder contents of specimens prepared with 60/70 penetration 
grade bitumen, measured with bitumen content meter.
Binder content of 
mix (% wt)
Measured binder content of 
specimens (% wt).
Sand A Sand B . Sand C
1 1.0 0,9 1.0
2 2.0 2.0 2.1
3 2.9 3.0 3.0
4 4.0 4.0 4.0
5 5.1 5.0 5.0
6 6.0 6.0 6.0
7 7.0 7.1 7.0
8 8.0 8.0 7.9
- 9 8.9 9.0 9.0
10 10.0 10.0 10.0
9.3.3 Discussion of shear box results
The values of the angle of shearing resistance and cohesion were
83obtained by linear regression analysis and recorded in Appendix 8 .
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The stress/strain relationships for all of the specimens were very 
similar and a typical set of relationships are shown in Figure 9-12.
These plots show that at low normal pressures, or with rounded 
aggregates, mixes deform in a plastic manner, but as the normal pressure 
increases, or sand particles become less rounded, the behaviour of these 
mixes becomes more elastic in nature.
The effect of increasing strain rates is to accentuate the range 
between plastic and elastic behaviour.
This suggests that almost elastic behaviour is to be found in sand- 
. bitumen mixes at or near the surface of a road where tyre pressures act.
At lower points in the construction, the behaviour tends to become plastic.
This leads to conditions for failure described in Prandtl's theory 
of plasticity.
Further information can be obtained by the plotting of angle of 
shearing resistance and cohesion values against binder content, as shown 
in Figure 9-13. For all three sands and binder viscosities and contents, 
patterns of peaks occur in the above relationships. At low strain rates,
(f> peaks lead cohesion peaks by approximately one per cent in binder 
content, but at high strain rates, the reverse takes place.
This behaviour of $ and cohesion peaks is related to the visco­
elastic properties of the binder. Under conditions of high binder 
viscosity and at short times of loading, behaviour is tending to be elastic 
in nature and consequently the stiffness of the mix is greatly influenced 
by the properties of the binder rather than inter-particle friction from 
the sand.
Under Tong times of loading, the stiffness of the mix is influenced 
most by the inter-particle friction of the sand. This stiffness, whether'
. derived from empirical measurements or from the measurement of the 
fundamental properties of the mix, contains a component related to the 
angle of shearing resistance and a second component related to the cohesion 
of the mix.
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The results shown in Figure 9-13 show that these components are 
greatly influenced by test conditions; ciqtisequently, any method of mix 
design which sets out to determine an "optimum" binder content must take 
into account the conditions under which the test is carried out.
Figure 9-14 summarises the relationship between $ and cohesion 
peak's.
In practice, for example with the Marshall stability test, stability 
results of dry bituminous mixes such as sand-bitumens are greatly 
influenced by the properties of sand, ie the shearing resistance.
x~§x x x*6x 
B/C C / o W t )
Case t : Low mix st i f fness 
due to tow strain rate, low 
binder viscosity and high 
testing temperature 
Fig. 9-14 INFLUENCE OF TEST CONDITIONS
BINDER CONTENT B,
x-Sx x x*6x 
B/C (°/«wt)
Case 2 : High mix s t i f fness 
due to high strain rate, high 
binder viscosity and low 
test ing temperature 
ON “ OPTIMUM"
C
Changes from *|t to %9 in figure 9-14, are dependent on the mix stiffness.
This change will occur as the road ages, and the binder hardens.
Subsequently, conditions expressed by B will prevail, and the 
original "optimum" binder content will be under-estimated by as much as 
•one per cent.
r
It is common to express bearing capacities in the forms suggested 
by Prandtl and Mcleod.
. However, it is proposed that a simpler expression can be used with 
sand-bitumen mixes, involving the Mohr-Coulomb equation..
84It was suggested by Markwick and Starkes that the most damaging 
load, due to both static and dynamic traffic loadings, would be 1.5 times 
the maximum expected tyre pressure.
This is normally assumed to have a value of 100 psi (690 kN/m2) for 
heavy goods vehicles.
Thus the maximum normal load may be quoted as having a value of .
150 psi or 1035 kN/m2.
By substituting this value of normal load or stress into the Mohr-
Coulomn equation, the followihg expression is obtained:
ip = c + 1035 tan $ 
where and c are given in units of kN/m2.
Prandtl bearing capacities, and t|j values were calculated and recorded 
in Appendix 8.. Included are the results obtained with the dry sands.
Figure 9-15 summarises these results.
The effects of changing binder viscosity and strain rate are clearly 
shown. Stability results become more sensitive to changes in binder content
at high binder viscosities and strain rates.
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It has been shown that '''optimum" binder contents are affected 
these test conditions.
Consequently, it is suggested that from a point of view of quoting 
criteria for test results, stabilities should be quoted under conditions 
•of high binder viscosity and strain rate.
Good correlation was obtained between the values of Prandtl bearing 
capacities and if> values as follows:-
for sand A, $ « 193 In q - 676 , r = 0.92 for 60 pairs of results,
sand E, i|> » 181 In qy - 622 , r = 0.91
sand F, f  » 175 In q„ - 611 , r « 0.93u
and for the combined sands,
\p -  183 in qu -  636 , r = 0.89 for 180 pairs of results.
These results indicate that i|> values can be confidently used in place 
of Prandtl bearing capacities.
The range of stability values obtained vary greatly with changes in 
binder content if Prandtl's expression is used. For example, increases 
in binder content of 3 or 4 per cent can result in changes to the power of 
two. '
The use of i|> values redutes the range considerably without loss in 
accuracy and is much simpler for the operator to calculate and express 
graphically.
The relationship between sands and their "optimum" binder contents 
can be further simplified by replacing binder content with bitumen film 
thickness.
Tentative schemes have been suggested, but were never fully accepted 
because limited studies were carried out into the relationship between 
the surface area of sands and binder contents.
It is proposed that stability values can be plotted against estimated 
bitumen film thickness values, EBFT, which is expressed as follows:-
85
r-npT „ (binder content) x 10^ __________ mirvnhc
(specific surface area) (TOO -bTnd'er content)
where binder content is expressed as per cent weight of mix and specific 
surface area is measured in cm2/g.
A much fuller understanding of the inter-relationship between sands 
and their binder contents can be^obtained, as shown in Figure 9-16.
The coincidence of optima, at an EBFT of 0.7 to 0.8 microns is 
significant. The occurrence of double peaks has been reported elsewhere.
It. is generally accepted that the first optimum is equivalent to the 
Proctor curve in soils compaction, and is due to mechanical stabilisation 
of the mix. Up to this point, the binder acts as a lubricant.
As the binder content increases, ie the EBFT increases, further 
lubrication takes place but in excess causing loss in stability and 
strength.
At a particular stage, dependent on the quantity of mineral aggregate 
passinga 75 micron sieve in the sand, a sand/filler/bitumen mortar is 
formed, which increases in strength with increase in EBFT. This forms the 
second optimum, normally associated with road surfacing mixes.
Further addition of binder fills the remaining voids, causing 
separation of sand particles and rapid loss of strength.
It is suggested that the first optimum is of interest in the mix-design 
of sand-bitumen mixes for use in road bases. It is evident that at an EBFT 
of 0.75 microns, ideal,conditions exist for compaction of these mixes and 
this has been found in practice. Figure 9-17 summarises the relatiohship 
between binder content and sand surface areas, calculated with EBFT values 
of 0.70, 0.75 and 0.80 microns.
By plotting compacted densities against EBFT,' an optimum is obtained 
at a value corresponding to the second stability peak. A slight inflection 
can normally be detected at a value corresponding to the first stability 
peak, as shown in Figure 9-18. '
Figure 9-19 shows the effect in the voids/EBFT plot. The plot for 
sand A is greatly affected by the grading of the sand, which is almost
1800
E s t im a te d  bitumen f i lm  th ic k n e s s  (p m )
Fig.9-16 RELATIONSHIP BETWEEN E B F T  AND V AT 
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continuously graded and contains approximately 10 per cent passing a 
75 micron sieve.
This results in a higher degree of compaction and consequently lower 
air voids content.
Gregg et al^ have related Mcleod's ultimate bearing capacity results 
to CBR results for a wide range of sand-bitumen mixes as follows:
CBR (percent) M-Cl e.°.d. “1 ti'iiat^be a r i M ^ a c j t y  {kN/m2)
Using this relationship, CBR values were calculated for all of the 
sands and testing conditions and plotted with \fi values in Figure 9-20.
CBR values from 0 to 10 per cent are shown in histogram form, and were 
obtained at low binder viscosities and rates of strain.
(
CBRs greater than 50 per cent were obtained for the three sands
investigated under conditions of high binder viscosity, 10 poises, and
-2 -1strain rates, 2.22 x 10 sec ,
CBRs greater than 100 per cent were obtained by sands A and E and 
values above 150 per cent were only obtained with sand A.
The spread at low CBR values is probably the reason why Hitch and 
41Russell found the CBR method unsatisfactory for sand-bitumen mixes made 
with low viscosity binders.
Relationships were found between the apparent cohesion, binder 
viscosity and rate of strain for each set of samples with the same binder 
content.
As an example, the results for a bitumen content of 8% are given in 
figure 9-21. Included in this figure are some of the plots given by 
Gregg et al. Some scatter is evident despite repeat testing of doubtful 
results. It will be seen that the cohesion decreases markedly with decrease 
of viscosity and strain rate.
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•jo
Nijboer obtained s im ila r results with t r ia x ia l  tests over a l im ited
r  _ r  i
range in stra in ra te , of 4 x 10" to 1.7 x 10 sec .
48Hady and Herrin found that the unconfined compressive strength of
a so il asphalt did not increase appreciably with increase in s tra in  rate 
-5 -4from 2 .1 x 1 0  to 3.3 x 10 sec , while a large., increase occurred over
-3 -2 -1the range 4.2 x 10 to 1.25 x 10 " sec , but i t  was thought that these
results might have been influenced by the testing machine.
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Using a vane shear apparatus, Marais found a s im ila r decrease in vane 
shear strength of sand-bitumen mixes with decreasing binder v iscos ity , but 
found tha t the shear strength was not s ig n if ica n t ly  influenced by rate of 
ro ta tion of the vane over the range 0.1 to 3 degrees per second.
In a theoretical analysis, Nijboer showed that in a t r ia x ia l  tes t 
the cohesion should have two components:
c = T  + n ^  ( 3 - sirup
e m * eft * (2 Cos<j>)
The factor was termed the i n i t i a l  resistance and is independent 
of imposed stresses and rates of s tra in ,  but may be temperature dependent.
xe is  made up of:
i
( i )  an apparent cohesion due to surface tension e ffec ts , which is  
probably small in a bituminous mixture;
( i i )  an aggregate in terlocking resistance which is  probably smallv
in a sand-bitumen mix;.and
( i i i )  a factor which Nijboer termed the bituminous i n i t i a l  resistance 
the exact nature o f which was not made c lear, but which 
depended on the binder v iscos ity .
In the above re la t io n ,  nm was termed the "v iscos ity  of the mass".
I t  is analogous to the coe ff ic ien t of v iscos ity  of a pure bitumen, but 
is  much higher than the la t te r  and is a function of the f i l le r /b itu m e n  ra t io  
The additional shear strength imparted to the material by the viscous
properties of the material undergoing stra in is  then given by the second 
term in the re la t ion . The coe ff ic ien t nm w i l l  be d ire c t ly  affected by 
temperature and th is  term should therefore account fo r the effects of both 
temperature and stra in  rate.
Although small, the value of is important in practice as i t  gives 
the cohesion under the c r i t i c a l  condition of s ta t ic  loading. In a material 
y ie ld ing a l inear re la tion  between cohesion and rate of s tra in ,  tq could 
be determined by extrapolating a curve through the values measured at 
f i n i t e  rates of s tra in  to zero rate of s tra in .
Gregg et al plotted cohesion versus s tra in  rate and found tha t the 
curves were markedly concave to the s tra in  rate axis, indicating that nm 
is not a constant as assumed by Nijboer, and accurate values of t could
G
not be determined in th is  way.
Gregg et al found that values of cohesion at a slow rate of s tra in  
-4 -1of 2.37 x 10 sec could provide an indication of an upper l im i t  to the 
values of t , varying from 28 kN/m2 fo r  tests at a binder v iscos ity  of 
6 x 108 poises to 76 kN/m2 at 106 poises.
Values of the mass v iscos ity  n at d i f fe re n t binder v iscos it ies werem . r
computed from the tes t results using the equation given e a r l ie r .  For the
purpose of th is  analysis, t was assumed equal to the apparent cohesion at
- 4  , -1the s tra in  rate 1.67 x 10 sec .
To obtain a fu l le r  picture of the effects of binder content, values
fo r  the mass v iscos ity  have been plotted against binder content in 
Figure 9-22. However, a simpler picture can be obtained by p lo tt ing  mass 
v iscos ity  against EBFT as shown in Figure 9-23.
The mass v iscosity  of the mix is  greatly affected by the binder content 
or bitumen f i lm  thickness. At high binder v iscos it ies , nm levels o f f  at an 
EBFT of about 0.5 microns and the properties of the mix are very much 
governed by the v isco-e lastic  properties of the bitumen.
As the binder v iscos ity  decreases, so do the effects o f the visco­
e las tic  properties of the binder. At low v iscos it ies , the properties of 
the mix are influenced by the physical properties of the sands.
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i
The apparent spread of results is  greatly d istorted by p lo tt ing  
results on logarithmic paper, with the apparent spread increasing 
with decreasing mass v iscos ity . However, the to ta l spread fo r  a l l  
three binder v iscos it ies is  in the region o f approximately 50 per cent 
of the mean.
Expressing the behaviour of sand-bitumen mixes in the above manner 
shows c lea rly  the influence o f binder v iscosity  and content on these 
mixes, but the spread in results precludes any further subjective 
assessment to be made.
In order to assess the effects of the physical properties of sands
85in sand-bitumen mixes, Pomtyen has suggested the concept o f "texture 
index", in which the physical properties of sands are compared with a 
standard materia l, b a l lo t in i .
The texture index is  defined as equal to the difference between the 
apparent CKE value and absolute CKE value of the sand.
The apparent CKE value is  obtained from the centrifugal tes t 
described by Hveem and the absolute value is  obtained from the following 
equation:
CKE . . = 0.00081 x S + 0.22 , where S’ *= specific  surface area
• of the sand (cm2/g)
The above re lationship is based on the assumption th a t , fo r  a series
o f spherical pa rt ic les , CKE values vary l in e a r ly  with specific  surface
area measurements.
Thus the texture index is  a measure of deviation from th is  re la t io n ­
ship caused by-changes in shape and texture o f non-spherical shaped sand 
part ic les .
Pomtyen has related measurements fo r a wide range o f sands to 
Marshall s ta b i l i t ie s ,  and obtained s ta b i l i ty /b in d e r  content relationships 
analogous to those described in Figure 9-16. However, fu rthe r data is 
required on the texture index before assessment can be made.
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The i n i t i a l  strength peak at an EBFT of 0.75 microns is very much 
influenced by sand type, as shown in Figure 9-16.
i|> values associated with th is  peak were found to correlate well with 
CKE and angle of repose measurements fo r  the three sands under inve s t i-  
gation.
Their relationships are shown in Figure 9-24, where i|> values and
6CBR values are quoted under conditions of binder v iscosity  of 10 poises
-2  -1and rate o f s tra in  equal to 2.22 x 10 sec .
CHAPTER 10
EVALUATION OF THE PERFORMANCE OF MIX-DESIGN METHODS WITH SAND-BITUMEN MIXES
The strength of s ta b i l i t y  o f sand-bitumen mixes varies, not only with 
the properties o f the binder and sand but,what is also important, with 
the conditions under which tests are carried out.
Tentative c r i te r ia  have been suggested fo r conventional empirical
tes ts , however, results do not s a t is fa c to r i ly  explain the behaviour of
sand-bitumen mixes.
The d irec t shear tes t w i l l  provide information on th is  behaviour, and 
i t  is  suggested that th is  tes t w i l l  prove a successful a lte rna tive  to 
conventional empirical tests.
The tes t procedure described in th is  thesis was found to be as quick 
to carry out as conventional tes t methods and no extra degree o f operator 
s k i l l  is  required.
However, before an a lte rnative method of mix-design can be universally
Ue<tlLj
accepted, the following conditions must^be met:
( i )  a test must be universally available,
( i i )  i t  must be applicable to the wide range of bituminous 
binders encountered in sand-bitumen mixes,
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( i i i )  the tes t should be adaptable to the d if fe r in g  
environmental and t r a f f i c  conditions found in the 
f ie ld ,  and f in a l ly
( iv )  the properties o f the mix affected by c lim atic  and 
t r a f f i c  conditions must be measurable in the laboratory, 
so that the behaviour o f designed mixes under s ite  
conditions may be predicted.
10.1 The d irec t shear tes t versus conventional empirica1 tes t methods
The use of the d ire c t shear tes t w i l l  f u l f i l l  the conditions required 
of an a lte rnative mix-design tes t method.
The equipment is  available in the majority of so ils  testing labora­
tor ies around the world.
Results show that the remaining conditions can be met at l i t t l e  extra
cost.
The introduction o f two sample tes ts , the measurement of the surface
area and angle of repose o f sands, w i l l  give rapid ind ication of the
s u i ta b i l i t y  of sands to be s tab il ised with bitumen.
These tests , followed by a closer study with the d ire c t shear tes t ,  
are judged to be the tests most suited to sand-bitumen mixes of those 
studied.
10.2 Mix-design tes t methods and road performance
The use o f an optimum binder content in the design o f sand-bitumen 
mixes has never been c lea rly  defined, although isolated cases have been 
reported.
By using estimated bitumen f i lm  thickness, an optimum can be c learly  
defined fo r  a wide range o f sands. This optimum is analogous with the
Proctor compaction curve o f so ils .
The d irec t shear te s t ,  when carried out under conditions of. high s tra in  
rate and binder v iscos ity , w i l l  c lea rly  detect th is  optimum, whereas
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conventional empirical te s t  liiethods w i l l  y ie ld  l i t t l e  information on th is  
property of the mix.
Limited data is available fo r  conventional mix-design methods. This 
information has been derived from the performance of sand-bitumen mixes 
in the f ie ld ,  and good corre lation has been obtained with the investigation 
carried out by the author.
In the case of the d ire c t shear te s t ,  l i t t l e  or no information has 
been published.
However, i t  is  possible to obtain lim ited data from the s ite  in v e s t i­
gation described in th is  thesis.
In order to obtain th is  information, data recorded in Table 7-2 has 
been reproduced in Table 10-1, together with the appropriate EBFT and 
\p values.
TABLE 10-1
Estimated optimum binder content fo r  sands from 
s ite  under investigation
Site Sand Condition o f base
Binder* 
content 
(% wt)
Surface
area
(cni2/g)
Optimumf 
binder 
content 
(% wt)
EBFT
(microns)
4>
(kN/m2)
sound / 4.7 0.31 950
1 A intermediate 4.1 1600 10.6 0.27 850
fa iled 3.7 • 0.22 700
sound 4.9 0.61 1600
2 B intermediate 3.9 840 5.9 0.48 1350
fa i le d 3.2 0.39 1100
sound 4.0 0.66 1650
3 C intermediate 2.7 630 4.5 0.44 1250
fa i le d 2.2 0.36 1050
* Mean binder content o f cores taken from s ites ,
*j= Estimated optimum binder content from Figure 9-17, e q f t  of 0 .7 5 ^ ^
/  Since the s ite  investigation, i t  is understood that fu rthe r
deterioration has taken place at s ite  1 so that the description
of the base condition given may need amendment.
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As noted above, changes have occurred at s ite  1. Consequently an 
op tim is tic  estimate of previously sound areas would be " fa i le d " .
EBFT and values from sites 2 and 3 correlate well with the condition 
of the base. The present condition o f s ite  1 is  in accord with sites 2 
and 3.
The binder contents from the sound areas at sites 2 and 3 are within 
one per cent of the estimated optimum fo r  these sands. This deviation in 
binder content would normally be acceptable in the production of sand- 
bitumen mix.
From the  ^ values expressed above in Table 10-1, a minimum value of 
1200 kN/m2 appears accetpable fo r  heavy t r a f f i c  conditions. This corresponds 
. to angle of repose o f about 30 degrees and CKE value o f 1.5. I t  is suggested 
that fo r  l ig h t  and medium t r a f f i c  conditions, \j) values of 800 and 1000 kN/m2 
respectively may be used.
However, i t  must be stressed that these values fo r  l ig h t  or medium • 
t r a f f i c  conditions are very ten tative . I t  is hoped that relevant data w i l l  
be obtained by the author from two new experimental s ites during the next 
twelve months. . *
There has occurred a new,development in the use o f sand-bitumen mixes
fo r  road bases during the preparation of th is  thesis.
Previously, binders could be placed in order of cost. For example, 
penetration grade binders were more expensive than bitumen emulsions and 
cut-backs.
The recent increases in the cost o f the raw materia l, crude o i l ,  has
led to the equalisation of un it costs o f the d if fe ren t types of binders
described in th is  thesis.
Consequently, l i t t l e  or no saving can be obtained by using cut-back 
binders in place of penetration grade bitumens, except in the capital 
outlay o f equipment required fo r  production and laying of the mix.
Penetration grade binders require mixing plant s im ila r to those used 
fo r  road surfacing mixes.
102
This is  because a binder v iscos ity  of approximately 2 poise is 
required to ensure good coating of the sand or aggregate pa rt ic les . For 
example, 60/70 pen. bitumen requires a mixing temperature o f about 150°C.
A paver is also required since the v iscosity  of the binder must be in 
the region of 100 poise to fa c i l i t a te  compaction.
In comparison with these techniques, mixes suitable fo r  only l ig h t  
t r a f f i c  conditions can be made with cut-backs.
■ These mixes are generally "mixed-in-place" using a spray tanker fo r  
d is tr ib u t in g  the binder over the sand and mixed with an agricu ltu ra l 
rotovator. Compaction can be achieved by using a loaded agricu ltu ra l 
trac to r.
To summarise, these methods w i l l  produce a wide range o f mixes 
suitable fo r  road bases# However, mixes made with cut-back binders can 
generally only be expected to carry l ig h t  t r a f f i c  in the f i r s t  few years 
o f the road's l i f e .
Mixes, suitable fo r  supporting heavy t r a f f i c  . generally require much 
harder penetration grade binders.
CHAPTER 11 
CONCLUSIONS AND RECOMMENDATIONS
The fo l lo w in g  main c o n c lu s io n s  have been drawn from the 
investigation re la ting  to the design of sand-bitumen mixes.
(1) Shear test
(a) The use of the d ire c t shear tes t offers an approach which has 
• the merit of s im p lic ity  and which provides fundamental 
information regarding the material tested. The tes t has shown 
promise when used on a number of sands and with a range of 
binder v iscos it ies .
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. (b) The mode of fa i lu re  conforms to the p las t ic  deformation of 
soils.,as interpreted by Prandtl, with $ providing a simple 
basis fo r  expressing the resu lt .
The following c r i te r ia  are suggested fo r  use in mix-design:
T ra ff ic
Commercial 
vehicles 
per day
Tyre pressure 
(psi)
$
(kN/m2)
Light < 700 40-50 800-1000
Medium 700-2000 60-80 1000-1200
Heavy ' > 2000 80-100 . > 1200
(2) Existing mix-design tests
Applying tests developed p r in c ip a l ly  fo r surfacing materials to sand- 
bitumen mixes led to the following tentative c r i te r ia :
T ra f f ic
Wheel tracking te s t ,  rate of* 
deformation (mm/min) Marshall* s ta b i l i t y
(kg)
Hubbard-Field* 
s ta b i l i t y  
(kg)53.6 kg load 14.5 kg -load
Light
Medium
Heavy
1.0-0.5 
0.5-0.12 
< 0.12
0,12-0.06 
0,06-0.02 
< 0.02
200-250 
250-400 
> 400
500-600 
600-750 
> 750
* Tests carried out at 60°C
(3) Rapid evaluation of sands
Measurement o f surface area by rapid permeability te s t provides a 
datum fo r  estimating the binder content necessary to give a predetermined 
binder f i lm  thickness. A value of 0.75 microns was found in th is  
investigation to be appropriate fo r  sand-bitumen mixes. Furthermore, the 
results suggest that simple measurements of the mechanical properties of 
sands, such as e ithe r the angle o f repose or CKE, allows the order of 
magnitude of the CBR of the s tab il ised material to be estimated. Suggested 
minima are:- 30 degrees fo r  the angle of repose; and 1.5 fo r  the CKE.
Subjects fo r  fu r the r research are suggested in the work reported.
These f a l l  p r in c ip a lly  in to three areas:
(1) Research into stress d is tr ib u t io n  in sand-bitumen mixes under 
laboratory and f ie ld  conditions. This could be achieved 
i n i t i a l l y  by studying the stresses.set up in a wheel tracking 
specimen during tes t ing , followed by p i lo t  scale and f u l l -  
scale s ite  experiments.
(2) The angle of repose, surface area measurement and d irec t shear 
tests require fu rthe r study to be carried out with a wider 
range of sand type and grading and,if possible, under a l l  
three categories o f t r a f f i c  loading.
I t  is hoped that th is  work w i l l  be achieved at new 
experimental s ites in Turk's and Caicos Islands and in 
Botswana during the next twelve months.
(3) Compaction studies with a v ibrating hammer. I t  has been suggested 
that possible contributing factors towards the occurrence of 
microfracture in sand-bitumen mixes are too rapid or over 
compaction o f the mix.
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13. Appendix 1 
TABLE 13-1
Visual description of cores from S ite  1
Cores from sound areas
Core
No.
Surfacing 
(Asphal t ic  
Concrete) 
Thickness (mm)
Top layer of 
Base (Bitumen- 
Sand Mix) 
Thickness (mm)
Lower Layer 
of base 
(soil-cement) 
Thickness (mm)
1 60 , *Y 55 Y 50 Y 150
. 2 50 N 60 Y 70 Y 60
3 45 N 50 Y 75 Y 100
4 50 N 80 Y 65 Y 40
5 45 Y 70 Y 85 Y 90
6 45 Y 55 Y 75 Y 60
7 50 Y 55 N 75 Y 60
8 50 N 50 Y 70 Y 60
9 50 Y 50 Y 60 Y 90
10 55 Y 50 Y 70 Y 70
11 55 Y 45 Y 75 N 50
12 50 N 25 Y 80 N 50
13 55 N 50 N 80 N Pieces
14 55 Y 50 Y 75 Y 140
15 50 Y 50 Y 50 Y Pieces
16 45 N 60 N 70 Y 100
17 55 N 50 Y 75 Y 40
18 50 Y 65 Y 60 Y 70
19 50 Y 55 Y 55 Y 90
20 50 N 55 Y 55 Y • 60
21 45 N Pieces/ Y 50 Y 150'
22 50 N 55 Y 45 Y 50
23 55 N 55 Y 85 Y Pieces
24 50 Y 60 Y 60 Y 100
25 50 Y 40 Y 65 Y 150
26 60 Y 60 Y 50 N 120
27 50 Y 50 Y 50 Y 90
* Y denotes adhesion between layers 
N denotes no adhesion between layers 
/  Material unstable
Cores from fa ile d  areas
Core
No.
Surfacing 
(Asphal t ic  
Concrete) 
Thickness (mm)
Top layer of 
Base (Bitumen- 
Sand Mix) 
Thickness (mm)
Lower Layer 
of base 
(soil-cement) 
Thickness (mm)
1 60 Y 50 Y 50 Y 140
2 55 Y 55 Y 50 Y 30
3 55 Y 30 Y 50 Y 80
4 35 N 55 Y 55 Y 30
5 35 Y 20 Y 55 Y Pieces
6 60 N 30 Y 55 Y 140
7 50 Y 45 Y 50 Y 35
8 50 N 50 Y 50 Y ro
9 55 N 45 Y 50 Y 100
10 55 N 35 Y 50 Y 20
11 50 N 45 Y 50 Y 90
12 55 N 50 Y 50 Y 90
13 55 ;« Pieces/ N 40 Y 50
14 50 N 30 Y 45 Y 120
15 15 N 50 Y 50 Y 45
16 85 N 40 Y 45 Y 150
17 60 N 50 Y 40 Y 120
18 55 N 10 Y 40 Y 150
19 50 N 45 Y 50 Y 50
20 50 N 50 Y 50 Y 65
21 50 N 45 Y 50 Y .155
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TABLE 13-2 
Visual Description of Cores from S ite  2
Cores from sound areas
Core
No.
Surfacing 
(Asphaltic  
Concrete) 
Thickness (mm)
Top layer of 
Base (Bitumen- 
Sand Mix) 
Thickness (mm)
Lower Layer 
of base 
(soil-cement) 
Thickness (mm)
1 55 *y 55 Y 70 N 160
2 55 Y 50 Y 50 N 150
3 65 Y 55 Y 50 N 150
4 50 Y 50 Y 50 N 160
5 . 40 Y 40 ' Y 60 N 140
6 45 Y 45 Y 45 - -
7 45 Y 55 Y 65 N 150
8 45 N 50 Y 55 Y 150
9 55 Y 55 Y 70 N 125
10 45 Y 60 Y 65 N 140
11 60 Y 35 Y 70 N 130
12 45 Y 45 Y 45 N 125
13 50 Y 60 Y 40 N 140
14 55 Y 35 Y 60 N 130
15 55 Y 40 Y 35 Y 130
16 45 Y 40 Y 50 N 135
17 50 Y 55 Y 45 N 130
18 50 Y 45 Y 40 N 130
19 60 Y 30 Y 30 N 130 .
20 50 Y 60 Y 30 Y 125
21 34 Y 60 N 50 Y 140
22 50 Y 50 N 40 N 135
23 50 Y 55 Y 45 N 130
24 50 Y 40 Y 60 N 140
25 50 Y 60 N 50 Y 130
26 50 Y 45 Y 40 N 30
27 50 Y 50 Y 45 N 65
* Y denotes adhesion between layers 
N denotes no adhesion between layers 
I material unstable
Cores from fa ile d areas
Core
No.
Surfacing 
(Asphaltic  
Concrete) 
Thickness (mm)
Top Layer of 
Base (Bitumen- 
Sand Mix) 
Thickness (mm)
Lower Layer 
o f base 
(soil-cem ent) 
Thickness (nun)
1 50 Y 60
■
Y 65 Y 130
2 50 Y 40 N 70 N 150
3 50 Y 45 N 65 N 150
4 45 Y 35 N 65 N 130
5 50 Y 55 Y 70 N 150
6 60 Y 40 N 65 Y 155
7 60 Y 40 Y 60 Y 160
8 45 Y 30 N 60 Y 160
9 50 Y 40 N 60 N 150
10 55 Y 45 N 55 N 155
11 55 Y 40 N 55 N 155
12 40 Y 55 Y 30 Y 130
13 45 Y 50 Y 35 Y 130
14 28 Y 35 N 40 N 125
15 40 Y 55 N 30 Y 130
16 20 Y 25 N 40 N 130
17 35 Y 45 N 40 Y 140
18 35 Y 40 N 40 Y 130
19 40 Y 30 N 50 Y 145
20 40 Y 60 Y 30 N 130
21 30 Y 40 N 40 Y 130
22 45 Y 55 N 40 Y 130
23 45 Y 45 N -/ N 130
24 25 Y 30 N 30 Y 135
25 Pieces Y 65 N 40 Y 100
26 40 Y 60 Y 50 Y 125
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14. APPENDIX 2 
TABLE 14-1 
Wheel tracking test results
Sand
(source)
Binder 
content 
(% wt)
Computed
density
(Mg/m3)
Rates of deformation (mm/min) Penetration of binder (25°C) 
recovered rrom cured specimens
After 1 
day
at 60°C
14.5 kg 
load
After 1 
year
at 60°C
14.5 kg 
load
After 1 
year
at 60°C
53.6 kg 
load
After 2 
years
at 60°C
14.5 kg 
load
After 2 
years
at 60°C
53.6 kg 
load
After 1 year 
at 60°C
After 2 years 
at 60°C
A 2* 1.65 0.150 _ _ _ -
3 1.63 0.045 0.010 0.120 0.004 0.023 22 10
(Bulk 4 1.70 0.043 0.004 0.025 0.004 0.014 14 7
sample) 5 1.75 0.025 0.010 0.030 0.004 0.023 12 6
6 1.78 0.055 - - - - - -
A 3.7* 1.59 > 1.5 . - w _ _ _
(cores) 4.7 1.66 0.050 - - - - - -
B 2 1.50 0.146 _ - _ _ _ _
3 1.50 0.040 0.003 0.007 0.002 0.007 6 5
(Bulk '4 1.61 0.043 0.001 0.008 0.001 0.007 2 2
sanipl e) 5 1.58 0.048 0.012 0.011 0.006 0.004 4 3
.6 1.60 0.033 - - - - - -
B 3.2* 1.67 0.135 _ _ _ _
3.9 1.72 0.110 - - - - - -
(cores) 4.9 1.75 0.150 - - - - - -
6 1.77 ' 0.146 - - - - - -
C 2* 1.69 0.370 . _ >
3 1.72 0.420 0.013 0.063 0.008 0.032 9 5
(Bulk 4 1.77 0.500 0.044 0.285 0.012 0.046 12 7
sample) 5 1.81 0.380 0.027 0.235 0.010 0.057 13 • 6
6 1.86 0.400 - - - - - -
C 2.2* 1.63 0.700 , _ _ _ _
(cores) 4.0 1.66 0.305 - - - - - -
D 2 1.70 > 1.5 _ _ _ - _
3 1.73 > 1.5 0.085 0.570 0.052 0.213 18 10
(Bulk 4 1.79 > 1.5 0.105 0.940 0.083 0.760 14 11
sample) 5 1.86 > 1.5 0.140 1.300 0.067 0.690 14 9
6 1.91 > 1.5 - - - - - -
* These specimens disintegrated in wheel track due to microfracture.
TABLE 14-2
Wheel-Tracking Results at D ifferent Loads of 
crushed aggregate from sand D
Load (kg)
Bitumen 
Content 
(% wt)
Rate of 
Deformation 
(mm/min)
S.G. of Specimen
Before test A fte r tes t*
14.5 2.0 0.010 1.62 1.77
3.0 0.010 1.62 1.79
4.0 0.010 1.71 1.81
5.0 0.011 1.72 „ 1.35
6.0 0.005 1.77 1.86
7.0 0.015 1.78 1.88
53.6 2.0 0.053 1.62 1.78
3.0 0.052 1.62 1.81
4.0 0.028 1.71 1.82
5.0 0.030 1.72 1 .85
6.0 0.020 1.77 1.86
7.0 0.025 1.78 1,88
\
* taken from wheel track
• 1-19
TABLE 14-3
A summary o f Marshall te s t re su lts
Sand
Binder 
Content 
(% wt)
Stab11i t y
(kg)
Flow
(mm) S. G. % A ir  Voids
1 A 2 130 1.10 1.83 28.5
3 218 1.72 1.85 26.5
Bulk 4 325 2.18 1.87 24.4
- 5 331 2.33 1.90 21.1
6 417 2.38 1.93 19.7
A 3.7 227 1.46 1.77 25.9
Cores 4.7 347 2.26 1.82 21 .9
B 2 127 1.20 1.70 33.2
3 235 1.85 1.72 31.4
Bulk 4 276 2.15 1.75 29.1
5 252 2.16 1.78 27.0
6 253 2.26 1.81 24.5
B 3.2 207 1.63 1.81 27.3
3.9 207 1.63 1.84 25.2
Cores .4.9 171 1.67 1.85 23.8
6 157 1.66 1.88 21.5
B ■ 2 237 1.89 1.85 27.2
in c l . 3 389 2.47 1.86 26.0
agg. 4 400 ' 2.44 1.86 24.8
5 714 2.32 1.89 22.3
6 t 768 2.56 1.92 20.0
C 2 n o 1.66 1.77 28.8
3 90 2.09 1.79 26.8
Bulk 4 84 1.84 1.81 25.2
5 89 1.95 1.83 23.1
6 89 1.97 1.84 21.3
C 2.2 75 1.48 1.74 29.8
Cores 4.0 115 1.70 1.75 28.8
D 2 132 1.28 1.90 28.4
3 105 1.31 1.93 26.3
Bulk 4 100 1.38 1.95 24.3
5 95 1.24 1.97 22.4
6 103 1.32 1.99 20.8
120
BR
TABLE 14-4
A Summary o f Marshall Test Results (a fte r  POMTYEN)
Sand
Binder 
Content 
(% wt)
S ta b i l i ty  
(kg)
Flow
(mm) S.G. % A ir  Voids
A 3 244 2.20 1.85 26.5
4 305 2.50 1.86 24.9
5 367 2.90 1.90 21.1
6 328 3.40 1.93 19.7
7 . 316 3.4 1.95 17.7
8 333 3.3 2.00 14.3
9 384 3.2 2.03 11.8
10 376 3.1 2.05 9.6
11 167 3.0 2.03 9.2
12 142 3.0 2.02 8.6
B 1 11 1.5 Vl72 34.3
2 S 1.4 1.73 32.8
3 10 2.3 1.75 30.9
4 11 2.3 1 .76 29.4
5 10 3.4 1.79 27.1
6 9 2.6 1.80 25.6
7 10 2.2 1.82 23.6
8 15 2.6 1.84 21.6
9 22 . 2.6 1.87 19.2
10 27 2.7 1.89 17.2
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TABLE 14-6 
A Summary o f Hubbard-Field Test Results
Sand
Binder 
Content 
(% wt)
S ta b i l i ty
(kg)
Compacted
density
(Mg/m3)
A 2 341 1.85
3 506 1.92
Bulk 4 695 1.96
5 800 2.00
6 891 2.04
A 3.7 639 1.84
Cores 4.7 844 1.90
B 2 271 1.76
3 307 1.80
Bui k 4 424 1.82
5 526 1 .84
6 616 1.88
B 3.2 605 1.85 ,
3.9 690 1.88
Cores 4.9 658 1.88
6 701 1.91
C 2 214 1.77
3 * 310 1.82
Bui k 4 338 1.84
5 372 1.85
6 * 451 1.88
C 2.2 329 1.78
Cores 4.0 421 1.79
D 2' 141 1.89
3 ' 172 1.92
Bui k 4 197 2.08
5 208 2.06 I
6 236 1.95
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15. APPENDIX 3 
Details o f Shear Box and an c il la ry  equipment
The shear box tes t r ig  was a standard 600 !<N capacity tes t r ig
supplied by E L E ^ ,  together with a 100 mm square shear box assembly. A
100 mm square shear box assembly was chosen because i t  approximates in size 
to the contact area of a wheel under s ite  conditions. x
The motor supplying the constant rate of s tra in to the shear box was
a |  HP Parvalux SD 12/MS 350 RPM 200 vo lts  DC, torque =31 lb . in . ,  f i t t e d
with an AC/DC control un it ( th y r is to r  type), and IF}: 1 ra t io  gearbox^22^ . 
Figure 15-1 shows the ranges of s tra in  rate available when a simple be lt 
and pulley system is used.
The transducer unit f i t t e d  across the proving ring measuring the shear 
stresses was a DC Linear Variable D iffe ren tia l Transformer Type 100 DC, 
supplied by Electro-Mechanisms^222^ , as was the recorder, a SFIM A.28 U/V 
Recorder, with Type E60 moving magnet oscillographs. A matching am plif ie r 
was b u i l t  at the TRRL, and the c i r c u i t  is shown in Figure 15-2. Three o f 
these units were used to obtain three ranges of ca lib ra tion  curves, which 
are shown in Figure 15-3. The recorder had two chart speeds: 1 and 5mm/sec, 
from which the s tra in  at maximum shear resistance could be calculated.
The water bath used fo r  testing at elevated temperatures was a Townson 
and Mercer general purpose 0 to 120°C water bath.
The rec ircu la ting  pump used with the water bath was a Proops immersable 
48 vo lts  AC type pump with transformer.
( i )  Engineering Laboratory Equipment L td ,  Durrants H i l l  Trading 
E s ta te ,  A p s ley ,  Hemel Hempstead, H erts.
( i i )  Lewis E le c t r i c  Motors L td ,  Moor Works, Blackamoore Lane, 
Maidenhead, Berks .
( i i i )  Electro-Mechanisms L td ,  218-221 Bedford Avenue, S lou th , Berks
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16. APPENDIX 4 
The measurement o f the specific  surface area of sands
A simple rapid method of measuring the surface area o f sands is  by
7Q ft £
the use of the Rigden Permeameter 9 . A  modification has been introduced 
fo r use with sands, shown in Figures 16-1 and 16-2 consisting of a lengthened 
column of material through which a i r  is passed.
07
The orig inal column (described in BS 12) is  approximately 50 mm in 
length and results in time measurements of 3 to 10 seconds, which are too 
short to be measured accurately with a stop watch. By lengthening the 
column to 300 mm, time measurements in the order of 30 to 45 seconds are 
obtained.
00
The method is  based on an empirical equation put forward by Kozeny , 
followed by Carman39 and Lea and Nurse93 who developed an apparatus fo r  the 
routine measurement o f the specific  surface o f Portland cement in which a i r  
was used as the permeating f lu id .
Rigden modified the theory and developed a simple method o f measuring 
surface area.
The operating deta ils  are as follows:
A c irc le  o f f i l t e r  paper is  placed in the permeability cell on the 
perforated steel disc, to prevent f ine  partic les from fa l l in g  through the 
disc, to prevent f ine partic les  from fa l l in g  through the disc. The empty 
cell is weighed to an accuracy o f 0.5 gm and the overall in te r io r  height 
measured to an accuracy of 1 mm.by inserting the plunger in to  the c e l l .
The bed of oven dried sand, subsequently cooled to room temperature, is 
b u i l t  up in 3 approximately equal layers and compacted by applying 20 blows 
of the plunger to each layer. The f in a l depth of sand is again determined 
by measuring the overall height of the plunger and cell and subtracting 
the height previously found fo r  the cell when empty. The weight of the 
cell and sand is  also determined.
The permeability ce ll is  positioned between the two rubber stoppers of 
the apparatus, the ce ll stopcock turned to 'suction' and the U-tube
128
: ig .  16-1 DIAGRAM OF AIR-PERMEABILITY APPARATUS
284 mm 
305 mm
p7/\| / /v CWt///}
«crjnr^c-cair»
x\u\t\*u
Rubber bung
P lung e r rod
Steel tube
0.D, 25 mm
1.D. 19m m
Packing bed 
(sand sample)
F i l te r  paper 
(W ha tm an No.40)
Perforated steel disc 
Rubber bung 
Glass connecting tube
3 2 0 m m
S3-------
16 mm
I Rubber tube to ce ll
Fig. 16-2. D IAGRAM OF PER M EABIL ITY  TUBE
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stopcock turned to 'atmosphere1, as shown in Figure 16-1. The l iq u id  in 
the U-tube is  then displaced using the hand pump, un t i l  the minicus reaches 
a point about 1 cm above the mark 'A1. The suction stopcock is  closed.
To time the f a l l  in the level o f the l iq u id ,  the cell stopcock is 
turned to the ‘ CELL1 position, and a stopwatch started as the minicus
l B‘ , which is 25.4 mm below 'A*.
From the knowledge o f the weight of sand in the bed, the cross- 
sectional area o f the bed, the compacted density o f the sand, the depth o f 
the bed and the time measured fo r  the f lu id  to fa l l  a known distance in 
the U-tube, the specific  surface is  calculated as follows:
The ra t io  of voids to the to ta l volume of the bed is given by
where
W = the weight o f material in the bed (gm)
A = the cross-sectional area o f the bed (cm2) 
p = the solid  density o f the powder (gm/cm3) 
and L « the depth of the bed (cm)
The specific  surface, S, (cm2/gm) is  then given by
in which g = the acceleration due to gravity (cm/sec2)
d = the density of l iq u id  (dibutyl pthalate) in
the U-tube (gm/cm3)
6 = the density o f a i r  (gm/cm3)
T = the time fo r  the l iq u id  in the U-tube to fa l l
from height h1 to h2 (from A to B) (sec.) 
k = Kozeny's constant (5.0)
passes the ‘A1 mark. The time is  measured fo r  the minicus to reach mark
e - 1 - (W/ALp)
S2 = 2Ae3g(d-6)
k ( l -e )2np2La
rj = the v iscos ity  of a i r  (poises) 
a = the cross-sectional area o f each limb of the 
U-tube (cm2), (4.525 cm2)
G -  g(d -6)
H = the height hi o f the s ta rt ing  mark ( A )  above the 
equilibrium leve l,  plus a correction fo r  the ’ dead 
space’ (equal to 7.4 cm of tube) (cm)
Investigation has shown that the air-permeability  method fo r  measurement 
o f specific  surface has an experimental error of the order o f 5%, the term,
(GH/Po) (h/2H)2 - l o g /  , which is
only a small correction ar is ing from the compressibility o f the a i r  in the 
U-tube, may be discarded. S im ila r ly , since i t  is very small compared to d,
<5 may also be omitted.
The f in a l expression thus becomes
and Po = the pressure o f the a i r  in the apparatus when the • 
l iq u id  is in the equilibrium position, (dynes/cm2)
S2 = 2 A e3 g d
k (1-e )2 np2 La
By inserting the following constants 
A - 2.77 cm2 
g = 981 cm/sec2
d -  1.047, at 25°C (approximately room temperature) 
k = 5.0
n = 182.7 x 10 6 poises 
a = 4.525 cm2
The above expression can be fu rthe r s implified to
1.376 x 106 x e3x t
(1 — e ) 2 p2L~Yoge h
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t  = the time fo r  the l iq u id  in- the U-tube to f a l l  from
A to B (sec) 
h = 2.54 cm. (A to B)
in  which
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17. APPENDIX 5 
Hveem's centrifuge kerosene equivalent tes t
The quantity o f bitumen required to bind partic les of mineral 
aggregate together to form a stable mixture w i l l  bear some re la tion  to 
the superfic ia l surface area o f part ic les  to be covered. However, surface 
area measurements alone w i l l  not give satis factory results as the s ta b i l ­
i t y  of such mixes is  influenced by other factors as follows:
Internal f r ic t io n  is  a major element contributing to s ta b i l i t y  and 
as bitumen can act as a lub rican t, that property serves to l im i t  the 
quantity which can be used without destroying the s ta b i l i t y  of the mix. 
Lubrication effects depend upon the roughness of the so lid  surface as well 
as the thickness and v iscos ity  o f the lubricating f i lm  and any predetermin­
ation o f an optimum binder content must take into account both surface area 
and the character o f the pa rt ic les .
The development of some means o f measuring the surface capacity of 
irregu la r shaped partic les lead to Hveem's Centrifuge Kerosene Equivalent.
This tes t measures the quantity o f a standard l iq u id ,  kerosene, which 
w i l l  be held w ith in the matrix of a known weight of material such that the 
partic les  are covered by a f i lm  of the l iq u id  without any excess being held 
in the voids between the pa rt ic les . This is achieved by centrifuging a 
100 g sample of the materia l, which has been saturated with kerosene, at 
400 G fo r  two minutes, and determining the amount of kerosene held by the 
sample. The number of grammes o f kerosene held by 100 g o f sample is 
reported as the sample's "CKE".
The aggregate to be used is  oven dried and allowed to cool to room 
temperature.
A quantity of dry sand weighing 100 gms is placed in the tared 
centrifuge cup assembly which is  f i t t e d  with a screen and a disc of f i l t e r  
paper. In order to balance the centrifuge and to check the results 
duplicate samples are prepared. Kerosene is then poured into the centrifuge 
cup u n t i l  the kerosene completely submerges the sand sample but does not 
o v e r f i l l  the cup. The sand and kerosene mixture is  then s t ir re d  using a 
glass rod u n t i l  no fu r the r a i r  bubbles are expelled and the sand sample
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becomes saturated. The duplicate saturated sand samples are then mounted 
in the centrifuge and centrifuged fo r  two minutes at 1500 revolutions per 
minute, producing a centrifugal force equal to 400 times tha t of grav ity . 
A fte r centrifug ing, the sample is weighed and the amount of kerosene 
retained determined as a percent of the weight of dry sand.
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18. APPENDIX 6 
The angle o f repose tes t
Dry sand is  poured in to  the apparatus shown in Figure 18-1, un t i l  
.excess is  present underneath the calibrated container. The angle of 
repose is  read d ire c t ly  o f f  the apparatus and quoted as the mean ot two. 
For example, in Figure 18-1, the angle would be quoted as 35.5 degrees, 
the mean o f 35.0 and 35.0 degrees.
Fig.lfr-1 APPARATUS FOR MEASURING ANGLE OF REPOSE OF DRY SANDS
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19. APPENDIX 7 
Portable e lectron ic bitumen concentration meter
Analysis is  a very important feature of qua lity  control during the
manufacture o f bituminous materials fo r  road construction. The requirements
of analysis procedures may be summarised as fellows:
1. provide an accurate determination o f the composition o f  the sample 
taken fo r  analysis, •
2. be of such a duration that a reasonable rate of sampling and testing
can be maintained to allow a continuous indication throughout the
job of whether acceptable qua lity  is  being attained.
The re la t ive  importance of these requirements w i l l  depend upon the 
type o f job being controlled. For research purposes, the f i r s t  requirement 
is of utmost importance, i f  at a la te r  date the performance of the material 
la id  is to be related to the qua lity  o f the material. For large scale 
manufacture of materials (which forms the vast majority o f production), the 
second requirement is the most important.
Testing procedures used in the UK and at the TRRL are described in 
BS 598. Under optimum laboratory conditions, fu lf i lm e n t o f requirement (1) 
results in the analysis o f about eight samples in an 8 hour day, w h ils t 
commercial production may require up to 12 analyses in the same time.
However, under f ie ld  conditions found during the laying of experimental 
roads overseas, conditions can be and usually are very d if fe re n t.  Under 
conditions such as lim ited  laboratory equipment and a n c i l la r ie s ,  and the 
use of a higher .boiling point solvent such as tr ich ioroethylene, the 
number o f samples analysed accurately may be reduced to 3 or 4 a day, 
resulting in the expense o f shipping o f samples to the UK fo r  fu rthe r 
testing.
This has the disadvantage that accurate analyses are not available 
u n t i l  well a f te r  an experiment has been la id .
The following flow chart represents the optimum and extreme conditions 
which can a ffec t the analysis procedure.
1 O/
Time (minutes) 0 15 30 45 60 75 90 105 120
Optimum
conditions
Extreme
conditions A
A
£ — d - X - eJ.
_ \ / _ r  
A \ l ->
where A represents bitumen extraction from the sample,
B represents removal of material passing a 75 ym sieve f i l l e r  from 
the bitumen solution by centrifug ing,
C represents washing and sieve analysis of aggregate (stone and 
sand),
D represents recovery o f bitumen sample fo r  bitumen content 
determination, and 
E represents the time required fo r  calculations.
From above, the component of the analysis procedure greatest 
affected by conditions is the bitumen content determination (D). Therefore 
what is required is  a rapid, accurate method of estimating bitumen concentra­
t io n ,  by measurement o f some physical property o f the bitumen in solution.
The properties of a bitumen solution that can be measured include: 
bo iling  point, density, v iscos ity , re frac tive  index, photometric absorption 
fluorescence and d ie le c tr ic  constant.
Work has been done at the TRRL on these properties many years ago when 
the present version of BS 598 was being w ritten . I t  was found that the 
measurement of these properties were affected by temperature and/or 
atmospheric pressure and consequently dismissed.
However, in the case of d ie le c tr ic  constant, good results could be 
obtained, but the qua lity  o f laboratory equipment available at that time 
led to the dismissal o f such a technique.
Consequently, measurement in d ie le c tr ic  constant was investigated by 
the author. I n i t ia l  work showed that the range of bitumen concentrations 
met in analysis was 2 to 8 % w /v . , and using the following solvents, changes 
in the capacitance o f a 'rad io ' type tuning condenser could be detected.
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Solvent
Bitumen 
concentration 
% w/v
Capacitance of 
tuning condenser 
(nF)
A ir Bitumen solution
Methylene chloride . 0 0.176 0.176
oc. H 60
4 ii 105
6 u 142
8 ii 170
Trichloroethylene 0 1.0 1.0
2 ii 16
4 n 35
6 n 44
8 n 54
The use o f a bench capacitance bridge to measure changes in 
capacitance was found to be impracticable because of the small range 
available, as well as the cost. Consequently, a capacitance bridge was 
constructed to su it  the range of capacitance that was encountered. The 
c i r c u i t  diagram of the prototype is 'shown in Figure 19-1, and the equip­
ment is shown in figures 19-2 and 19-3 together with the ce lls  which 
contain the condensers.
The performance required of such a piece of equipment is to give an 
accurate comparison o f bitumen concentrations over the range that may be 
encountered during analysis.
The factors that can influence the results obtained from the prototype 
are as follows:
/ \
1. Temperature: t r ia ls  during the summer of 1973 in T u rkey^ 3^ "* showed
that w ith in the range 20°C to 35°C, effects of temperature were 
neglig ib le when tr ich loroethylene is used as the solvent. Laboratory 
t r ia ls  have shown that an error o f ± 0.1% in binder content can be 
expected with methylene chloride
139

m>
CMta
o
a
•to0)
Fig.19-3 CELLS FOR USS WITH TETKYLENE CHLORIDE 
AND TRICIILORQETliYLENE SOLVENTS
K1
2. The presence o f f i l l e r  (mineral aggregate passing a 75 ym sieve) 
can cause up to ± 0.5% erro r in the bitumen content. Centrifuging, 
as presently carried out in BS 598, w i l l  solve th is  problem, however, 
i f  the solution is  l e f t  to stand fo r  about 5 minutes without 
centrifug ing, the error is reduced to ± 0.1%
3. , The presence of water in the solution is under investigation. Errors
s im ila r to the presence of f i l l e r  are experienced, however these can 
be greatly reduced by the addition of s i l ic a  gel. Research suggests 
tha t the use of tr ich loroethylene as a solvent is preferable to 
methylene chloride.
The main source of th is  water, especially in the U.K. is  due to traces 
in the sample o f bituminous mix being analysed and from absorption from the 
atmosphere as the solvents evaporate. This moisture from the atmosphere 
is  greatly reduced i f  a high bo iling  point solvent is used, such as 
tr ich loroethylene.
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